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The aim of the research included in this dissertation is to contribute to our 
knowledge of how fatty acids can be used as diet indicators in freshwater systems. 
More precisely this work was an effort to explore a tool that can be used to describe 
what salmonids have consumed during the foraging period of the year and relate that to 
the materials allocated to embryos. As stomach contents of salmonids are often empty 
due to stress of capture and since any items that are present offer data only on the most 
recent meal, other methods of gleaning diet information are gaining popularity. 
Biochemical tracers, such as fatty acids, accumulate in consumers in patterns that 
reflect diet compositions, thus providing a view of what has been consumed and 
assimilated into tissues over many months. 
 Through the use of controlled feeding experiments, this dissertation explores the 
efficacy of using fatty acid profiles to both describe and quantify the composition of diets 
of salmonid species. Much of the work conducted exploring fatty acids in reference to a 
diet have used diets formulated from dry ingredients whereas the experiments 
described within this dissertation use natural prey to create diets. As such, data 
described herein offers a unique look at how fatty acids in a piscivore reflect that of their 
potential prey items in the wild.  
In Chapter 1, I illustrate how fatty acid profiles of prey are reflected in lake trout 
(Salvelinus namaycush) after 14 weeks of feeding. Juvenile lake trout were fed one of 
three prey species and individuals were sampled at 4, 8 and 14 weeks. Through 
comparison of consumer fatty acid proportions to those of their diet, it was determined 




is important as it suggests that one cannot simply compare fatty acids in a predator to 
those of prey without accounting for diet-specific patterns of assimilation. 
In Chapter 2, data from the feeding experiment described in Chapter 1 plus two 
others were used to explore a model that can predict the composition of prey items that 
have been consumed. Quantitative fatty acid signature analysis (QFASA) involves 
mathematically combining fatty acid profiles of prey items to yield a profile as similar to 
a consumer’s as possible. During this modeling exercise, I found that the most accurate 
data would be gained if data for each predator-prey relationship was modelled through 
controlled feeding experiments. This exercise was conducted with three different 
consumer species to ensure our results were not species specific. 
As a follow-up to Chapter 2, prey fish collected from two different systems were 
used to test how variability within a prey species affects the ability to estimate a 
consumer’s diet composition in Chapter 3. Data from this experiment illustrates that 
trophic indicators established in one freshwater system are applicable to other 
freshwater food webs. Data also indicated that variability among the species at a trophic 
level decreases as the trophic level increases. This would suggest that at higher trophic 
levels it might not be possible to differentiate between similar prey species consumed. 
As previous experiments herein used simplistic diets composed of a single 
species at a time, Chapter 4 explores the efficacy of fatty acid mixing models when diets 
consisted of combinations of prey items. Specifically, a feeding experiment was 
conducted that included diets of one of three invertebrate species along with even 
mixtures of each pair of invertebrates and a mixture of all three. Using lake trout fed the 




acid profiles to those of the individuals fed monotypic diets. Data from this experiment 
indicated that diets of mixed compositions may predictably alter fatty acid profiles of 
consumers but quantitative models may not be as accurate as previously assumed. 
As a final study, in Chapter 5, adult brown trout (Salmo trutta) were used to 
investigate how diets of nonnative fish species from the Great Lakes may affect the fatty 
acids allocated to embryos. Data described within this chapter indicate that the fatty 
acid profiles of salmonid eggs are drastically altered by the composition of the diet. 
Such a result indicates that maternal diets may act as a parental care mechanism, and 
that genetic strains of salmonids that disfavor or are behaviorally unlikely to consume 
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Salmonid populations have been plagued with recruitment failures that have 
been associated with diets, but not substantiated. Several studies from across varying 
systems have reported that an increase in non-native herring consumption contributes 
to mortality of salmonid young before, or shortly after, hatching (Fisher et al. 1996, 
Honeyfield et al. 2005, Mikkonen et al. 2011, Fitzsimons et al. 2012, Keinänen et al. 
2012). Specifically, lake trout (Salevinus namaycush) within Lake Michigan have been 
shown to feed on herring (alewife, Alosa pseudoharengus), smelt (rainbow smelt, 
Osmerus mordax) or round goby (Neogobius melanostomus) almost exclusively 
(Madenjian et al. 1998, Jacobs et al. 2010, Happel et al. In Review), none of which are 
native prey of lake trout. It has been asserted that alewife consumption yields thiamine 
deficient consumers (Honeyfield et al. 2005, Riley et al. 2011b). This has been 
attributed to alewife having low thiamine levels and thiaminase producing bacterial 
present, which subsequently deplete thiamine reserves in consumers (Ketola et al. 
2000, Honeyfield et al. 2005). Recent studies suggest that thiaminase producing 
bacteria in alewife and smelt may not generate the thiaminase enzyme in 
concentrations large enough to be problematic (Richter et al. 2012). Contemporary 
theory suggests that a high lipid content to thiamine ratio in prey may not offer enough 
thiamine for proper metabolic oxidation of fatty acids for respiration (Keinänen et al. 
2012). Thiamine, specifically thiamine pyrophosphate, is a vital cofactor in tissue 
respiration, required for oxidizable substrates (such as fatty acids) to enter the Krebs 
cycle. It is thus foreseeable that a diet high in fat and low in thiamine can lead to a 




maladies leading to mortality shortly after hatch in certain fish species (Honeyfield et al. 
2005, Carvalho et al. 2009, Czesny et al. 2009, Ross et al. 2009, Fitzsimons et al. 
2012). However, without a means to adequately assess what prey a female salmonid 
has assimilated into tissues, definitive linkages to effects on progeny are impossible and 
this remains a speculative theory. 
While it is known that diet composition affects an organisms’ reproductive 
investment, wild individuals’ diets are difficult to quantify in a way that relates to their 
reproductive success. Macro-histological examination of items found within stomachs, 
through flushing or dissection has been the main source of diet information. However, 
various methodological flaws with direct observation of stomach contents have been 
highlighted (Hyslop 1980, Vinson and Budy 2011, Baker et al. 2014). Additionally, 
disagreement on how to properly display and analyze stomach content data leads to 
difficulty in interpreting and relating findings among multiple published reports (Hyslop 
1980, Cortés 1997). Further issues arise when one is concerned with deciphering the 
effects of maternal diets on offspring, primarily related to timeframe of observation and 
fasting habits, which make stomach content data insufficient. 
Biochemical tracers have been explored rather intensively to circumvent 
encumbrances associated with direct observational methods of gathering diet 
information. Concentrations of stable isotopes and fatty acids accumulate in consumers 
in patterns reflective of those consumed, similar in idea to “you are what you eat”. 
These tracers accumulate over periods of weeks to months, providing long-term dietary 
information (DeNiro and Epstein 1978, 1981, Kirsch et al. 1998). Stable isotope ratios 




sources in a variety of systems (Peterson and Fry 1987, Bootsma et al. 1996, Fry 2006, 
Turschak 2013). Recent studies have employed suites of fatty acids to elucidate trophic 
pathways with greater resolution than that provided by stable isotopes (Brown et al. 
2005, Budge et al. 2006, Thiemann et al. 2008, Czesny et al. 2011, Happel et al. 
2015a). While qualitative estimates gained through both techniques produce valuable 
information, well-informed resource management and biomodelling requires quantitative 
assessments of diet compositions. 
Moving from qualitative information gained from biochemical tracers to 
quantitative estimation has proven to be challenging. Mixing models of stable isotopes 
were developed to decipher diets in simplified (ca. 2 prey items) systems (Doucett et al. 
1996). However, the desire to apply these approaches to predators with larger prey 
bases and generalistic diets emphasized the need to implement more advanced 
statistical methods and more variables (Phillips et al. 2005). Bayesian statistical 
methods were incorporated into stable isotope models to allow for modeling of variability 
and aided in the accuracy of diet estimations in complex food webs (Parnell et al. 2010). 
Still, prey species with similar diets have similar enough isotopes that differentiation 
becomes complicated if both are present in appreciable amounts in predators’ diets. 
Fatty acid profiles are comprised of many (typically > 14) variables and can thus provide 
greater resolution among prey species in quantitative models than stable isotopes 
(Budge et al. 2006, Brett et al. 2016). Recently established diet estimation methods 
using fatty acid profiles may prove more robust than stable isotope ratios in determining 
diets of actively reproducing adult organisms (Iverson et al. 2004). Fatty acid based 




temporal gradients, species maintain intra-specific fatty acid signatures. This 
assumption has not been adequately tested, yielding temporally and spatially limited 
quantification models (Dethier et al. 2013).  
Salmonids provide model organisms that may be used to establish, test, and 
employ biochemical diet quantification methods to investigate nutrition-reproduction 
interactions. While researchers have explored diet information gained through 
qualitative biochemical trophic analyses of subsamples of eggs and related results to 
batch mortality (Carvalho et al. 2009, Czesny et al. 2009, Fuiman and Ojanguren 2011, 
Rinchard et al. 2011, Czesny et al. 2012) or to maternally derived qualitative indices 
(Brown et al. 2005, Riley et al. 2011a, Fuiman and Faulk 2013), a need exists to 
connect findings to maternal diet composition. Thiamine deficiency provides a high 
profile opportunity to evaluate the role broodstock diet plays in reproductive cycles. 
Beyond the effects of low thiamine levels, it is likely that maternal diet composition 
affects salmonid offspring, especially through the allocation of essential fatty acids to 
embryos. Such maternally derived nutrients are vital for proper neural and cognitive 
development and linkages in wild populations are lacking. Working toward this much 
larger goal, there are several key questions to be addressed, that are separated into 
congruent chapters: 
Chapter 1: Do diets assimilate into consumers in similar patterns? 
Chapter 2: Can models be developed to accurately predict what was consumed? 
Chapter 3: How does variability within a prey species affect model outputs? 




Chapter 5: Does a maternal diet alter the fatty acids transferred to embryos? 
Currently, intense efforts are being employed to develop food web models for the 
Great Lakes systems. Development and fine-tuning of diet estimation techniques will 
add to ecologists’ analytical toolbox and allow for enhanced understanding of food web 
structures and community assemblages leading to more accurate models. An 
understudied aspect of food webs is the reciprocal consequences trophic pathways 
have on recruitment success, which studies herein offer stepping-stones toward this 




1This Chapter has been published in its entirety in the Journal of Freshwater Biology. Full citation: Happel, 
A., Stratton, L., Pattridge, R., Rinchard, J., and Czesny, S.J. 2016. Fatty acid profiles of juvenile lake trout 
reflect experimental diets consisting of natural prey. Freshwater Biol. 61(9): 1365-2427. 
Chapter 1: Fatty acid profiles of juvenile lake trout reflect experimental diets 
consisting of natural prey1 
Abstract 
It is relatively well known that fatty acid profiles of consumers reflect their diets. 
However, with fish, controlled studies that trace fatty acid profiles of natural prey into 
consumers are lacking. We asked whether lake trout (Salmonidae Salvelinus 
namaycush) fatty acid profiles reflect diets at 4, 8, or 14 weeks after feeding began. We 
also evaluated if calibration coefficients were similar for each diet, a key assumption of 
quantitative fatty acid signature analysis (QFASA). In this study, juvenile lake trout were 
fed commercially available frozen diets of either chironomids (Chironomidae 
Chironomus spp.), copepods (Cyclopoida spp.), or Mysis (Mysidae Mysis relicta) over a 
14 week period. Accurate classification of lake trout into a priori diet groups was 
attained after 8 weeks of feeding. Calibration coefficients were significantly different 
among diet groups, especially for lake trout that were fed chironomids, suggesting that 
diet-specific modifications to fatty acids occurred. Chironomid-fed lake trout grew 
significantly larger than others despite consuming prey that lacked long-chain essential 
fatty acids. Furthermore, chironomid-fed lake trout provide evidence for the conversion 
of 18:3n-3 into longer chain n-3 fatty acids. Our results call for additional studies to 
better understand how fatty acids reflect dietary origins prior to employing QFASA on 
wild freshwater fishes. QFASA could provide accurate diet estimates for freshwater 
fishes with low diversity diet compositions, if calibration coefficients for each predator-





Accurate diet descriptions of economically important fishes provide resource 
management authorities with reliable information on potential prey base changes (Ray 
et al. 2007), habitat preferences (Stafford et al. 2014), contaminant sources (Martin et 
al. 2004), and other aspects of food-web dynamics. Numerous constraints on 
macrohistological methods (e.g. stomach dissection or flushing) have led to the use of 
biochemical tracers (e.g. fatty acids or stable isotopes) in contemporary trophic studies. 
Recently, fatty acids have been employed to elucidate qualitative (Iverson 2009, Kelly 
and Scheibling 2012) and quantitative (Budge et al. 2012, Galloway et al. 2015) diet 
histories. 
Diet estimates gained from quantitative fatty acid signature analysis (QFASA) 
have increased in popularity since described by Iverson et al. (2004). QFASA models 
incorporate many variables that are traced from prey to predator, relying on predictable 
patterns of trophic transfer (Iverson et al. 2004, Budge et al. 2006). Fatty acids that are 
assimilated into tissues reflect diet compositions over many weeks to months, and thus 
can be used to estimate long-term foraging habits (Copeman et al. 2002, Budge et al. 
2006, Budge et al. 2011). Once established, working QFASA models have provided diet 
estimates for wild pinnipeds (Nordstrom et al. 2008, Tucker et al. 2009), ursids 
(Thiemann et al. 2008), and avids (Iverson et al. 2007, Haynes et al. 2015).  
 Briefly, QFASA models reduce statistical distances between fatty acid profiles of 
consumers and that of computer-generated mixtures of fatty acid profiles from potential 
prey species. As part of this model, calibration coefficients act as constants that account 




consumers to those of diets. Calibration coefficients are often assumed to be specific for 
each consumer species, however several studies have alluded to patterns of fatty acid 
modification that are specific for each diet (Bell et al. 2003, Bell et al. 2004, Torstensen 
et al. 2004, Rosen and Tollit 2012, Murray et al. 2014). Currently, the use of coefficients 
is a straightforward but highly simplified method of accounting for biosynthesis and 
conversion of fatty acids in consumers within QFASA models.  
 Calibration coefficients are estimated through controlled feeding studies and are 
applied to a library of fatty acid profiles of wild prey species (Nordstrom et al. 2008, 
Wang et al. 2010, Rosen and Tollit 2012). Published studies estimating coefficients for 
fish have used formulated feeds, which vary solely in fatty acid compositions (Budge et 
al. 2011, Murray et al. 2014). However, the application of these coefficients to wild 
populations is questionable due to the reduction in nutritional variation (i.e. protein 
differences) between such diets when compared to natural prey. To this end, we 
conducted a feeding study where juvenile lake trout (Salmonidae Salvelinus 
namaycush) were fed invertebrate prey with different fatty acid profiles. 
Lake trout was chosen as a model predator species because of its economic 
importance and continued reproductive failures in native populations of the Great Lakes 
(Bronte et al. 2008). Mortality within the first year of life was identified as a major 
impediment to self-sustaining lake trout populations (Fisher et al. 1996, Bronte et al. 
2008). With natural reproduction occurring at higher rates in recent years, a desire to 
assess foraging habits of wild-origin juvenile lake trout has emerged (Fitzsimons et al. 
2010, Hanson et al. 2013, Lantry and Lantry 2014). However, information on age-0 lake 




and Peck 1984, Hudson et al. 1995) and Lake Huron (Roseman et al. 2009). First 
exogenous diets of lake trout are composed of copepod and daphnid species, with the 
addition of chironomids and Mysis as gape size increases (Swedberg and Peck 1984, 
Hudson et al. 1995, Roseman et al. 2009, Ladago et al. 2016). Mysis and chironomids 
are important prey for lake trout under 250 mm in length, a size when piscivory 
becomes dominant (Eschmeyer 1956, Madenjian et al. 1998, Beauchamp et al. 2006, 
Stafford et al. 2014). Across the Great Lakes, naturally produced age-0 lake trout 
contend with many non-native species and food webs supported by productivity levels 
that are lower than what records indicate were historically present (Fahnenstiel et al. 
2010, Evans et al. 2011, Dove and Chapra 2015). How these factors alter diet 
compositions of age-0 lake trout has yet to be investigated. Since age-0 lake trout 
stomachs are often empty (> 40%; Swedberg and Peck 1984, Ladago et al. 2016), 
QFASA could provide diet data where direct observation of stomach content is not 
possible.  
We investigated integration periods and deposition patterns of fatty acids in 
juvenile lake trout fed diets that mimic their potential prey. This study acts as a 
preliminary step to using QFASA with wild juvenile lake trout. Specifically, our aims 
were to: 1) determine feeding durations required for lake trout fatty acid profiles to 




Lake trout gametes were collected in the fall of 2012 during the annual lake trout 




southwestern Lake Michigan. Lake trout juveniles (average ± SD; total length = 22.9 ± 
0.9 mm; wet mass = 0.09 ± 0.01 g; Table 1) reared from collected gametes were held in 
nine 40 L aquaria (100 fish each). A flow-through system using municipal water with a 
flow rate of 1.3 L min-1 per aquarium was used. Municipal water was dechlorinated 
using a carbon filter (Siemens Water Technologies, Warrendale, PA, USA). Aquaria 
were assigned, in triplicates, randomly to a diet treatment (300 fish per diet treatment) 
and lake trout were fed a single frozen prey for 14 weeks. Invertebrate prey included 
chironomids (bloodworms; Chironomidae Chironomus spp.), copepods (Cyclopoida 
spp.), and Mysis (Mysidae Mysis relicta) purchased frozen from JEHMCO 
(www.jehmco.com). Feeding began after yolk-absorption, ensuring that offered diets 
were the first exogenous feeding. A daily feeding rate of 3% of fish biomass was 
maintained for each aquaria and updated biweekly. Due to prey sizes, chironomids and 
Mysis were chopped with a kitchen knife into smaller pieces prior to feedings. Four 
samples of each prey were analyzed for lipid content and fatty acid composition.  
As lake trout at the start of the experiment were very small, 21 fish were 
separated into groups of three individuals which were homogenized together to 
generate seven composite samples, each of enough mass for analysis. These seven 
composite samples were analyzed to provide fatty acid profiles of lake trout prior to 
feeding, termed “initial” hereinafter. The lengths and masses of the three individuals that 
comprised each composite sample were averaged, and the averages used in 
significance testing described below, thus n = 7 for “initial” lake trout throughout all 




Three lake trout were sampled from each aquarium at week 4, 8, and 14 after 
initiation of feeding, yielding nine lake trout per diet per sample period. After collection, 
lake trout were euthanized using a lethal dose of MS-222. Length and mass were 
recorded, and lake trout were individually bagged and stored at -80°C until fatty acid 
analysis. Prior to analysis, samples were partially thawed and homogenized whole. 
Lipids were extracted according to Folch et al. (1957) and lipid content (% wet 
mass) was calculated gravimetrically. Fatty acid methyl esters (FAME) were prepared 
from homogenized samples according to Metcalfe and Schmitz (1961), separated by 
gas chromatography/mass spectrometry (Agilent 7890A GC and 5975C inert XL EI/CI 
MSD, Agilent Technologies, Inc., Santa Clara, CA, USA) and quantified as described in 
Czesny et al. (2011). 
Statistical analysis 
Lake trout lipid contents, lengths, and masses were compared among diet 
treatments at 14 weeks using ANOVAs, followed by Tukey-Kramer tests to separate 
means when significant differences existed (SAS 9.3, Cary NC, USA). Included in the 
ANOVAs were the lengths and masses of the seven lake trout composites. Lipid content 
of diets were analyzed separately in a similar manner. 
The 31 most abundant fatty acids of diets and lake trout, expressed as relative 
percentages, were analyzed using multivariate routines within PRIMER-E software 
(PRIMER-E Ltd., Plymouth, UK; Table 1). Data were converted into Bray-Curtis 
similarities prior to analysis. Bray-Curtis was chosen as we are interested in relative 
differences in fatty acids and because the scale of 0-100% is easily comprehensible. 




similarities to reduce the influence of fatty acids in high abundance. Individual lake trout 
were treated as statistical units as differences in fatty acid profiles amongst tanks within 
diet treatments were not evident (ANOSIM), and we were more concerned with changes 
and variation in individual fish. Canonical analysis of principal coordinates (CAP), a 
constrained generalized discriminant analysis, was used to assess how distinct lake 
trout fatty acid profiles were (Anderson and Willis 2003). CAP isolates axes in 
multivariate space that best separate a priori groups e.g., different feeding groups. 
Misclassification rates, generated by an iterative “leave-one-out” procedure, were used 
to assess how distinct each a priori group was. CAP analyses were conducted 
separately for each sampling period, including lake trout diet groups and initial lake trout 
composites to assess how distinct fatty acid profiles from each diet treatment were at 
each time-period (Table 2). CAP analyses were also conducted on lake trout fatty acid 
profiles from each diet treatment separately to assess changes in fatty acids over time 
(Table 3). We used a single factor PERMANOVA with Monte Carlo sampling to 
generate P values to assess differences among prey fatty acid profiles because of low 
sample sizes. Fatty acids contributing the most to dissimilarities between lake trout and 
their prey were identified with SIMPER. Two-dimensional nMDS plots were used to 
visualize patterns in multivariate space. 
To evaluate modifications of fatty acids in predators, calibration coefficients (CC) 
were calculated from predator and prey profiles following Iverson et al. (2004):  
CC =  𝑃𝑟𝑒𝑑𝑎𝑡𝑜𝑟 𝑃𝑟𝑒𝑦⁄  
CCs were calculated by the division of each fatty acid in a predator by the respective 




predator has a mean CC and standard deviation for each fatty acid. Calculation of CCs 
was limited to using non-zero data. One copepod sample and two Mysis samples had 
undetectable levels of 22:4n-6. Each individual lake trout was used as observations for 
analyzing diet-specific differences in CCs using ANOVAs, followed by Tukey-Kramer 
tests to separate means when significant. To improve normality and homogeneity, 
calibration coefficients were square root transformed prior to analysis. 
Results 
Diet differences  
 Lipid contents of diets were significantly higher in Mysis than in copepods or 
chironomids (F2,9 = 24.0; P < 0.001; Table 1). The sum of n-3 fatty acids were higher in 
copepods (42.4 ± 1.2%) and Mysis (34.5 ± 0.4%) than in chironomids (18.0 ± 4.7%). 
Conversely, total proportions of n-6 fatty acids were higher in chironomids (19.6 ± 3.8%) 
than in Mysis (11.2 ± 0.1%) or copepods (4.0 ± 0.0%). Compared to copepods and 
Mysis, chironomids contained more linoleic acid (LIN, 18:2n-6), and α-linolenic acid 
(ALA, 18:3n-3), but less eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic 
acid (DHA; 22:6n-3) (Table 1). Copepods contained lower proportions of oleic acid (OA; 
18:1n-9) and arachidonic acid (ARA; 22:4n-6), and higher proportions of palmitoleic acid 
(POA; 16:1n-7) compared to the other prey. Fatty acid compositions of prey were 
distinct from one another, as evidenced by tight groupings of their respective samples in 
nMDS plots (P < 0.001; PERMANOVA; Fig. 1.1). 
Growth differences 
Significant differences in lake trout lipid contents (F3,30 = 15.21; P < 0.001), 
lengths (F3,30 = 64.14; P < 0.001), and masses (F3,30 = 44.50; P < 0.001) existed among 




significantly lower lipid content than prior to the start of the experiment, while both Mysis 
and copepods did not alter lake trout lipid content significantly (Table 1.1). Lake trout 
grew longer and gained mass when fed chironomids or Mysis (P < 0.0001; Table 1.1), 
compared to copepod-fed lake trout which grew in length but did not gain mass. 
Survival at 14 weeks was not significantly different among chironomid (66.7 ± 9.6%), 
copepod (58.3 ± 10.0%) and Mysis (62.3 ± 4.0%) treatments (tanks as replicates; F2,6 = 
0.76; P = 0.51). 
Temporal differences 
Fatty acid compositions were altered within 4 weeks of exogenous feeding and 
were no longer similar to the initial lake trout composites regardless of diet (Tables 1.2 
& 1.3). Fatty acid profiles between 8 and 14 weeks were highly similar for lake trout fed 
either the copepods or Mysis, and generated some misclassification among time-
periods (Table 1.2). Fatty acid profiles of chironomid-fed lake trout became more and 
more distinct with time (Fig. 1.1c); whereas a plateau was reached after 8 weeks for 
lake trout fed copepods and Mysis (Table 1.2).  
Dissimilarities among lake trout from each diet treatment increased with each 
time step sampled (Table 1.3). After 8 weeks of feeding, lake trout fatty acid profiles 
were distinct for each treatment group, and no misclassifications occurred. Fatty acid 
profiles of lake trout fed for 14 weeks were all highly dissimilar from initial lake trout 
composites, prey profiles, and profiles of other lake trout treatment groups (Fig. 1.1c).   
Differences between lake trout at 14 weeks and their respective prey were 
attributed to a different set of fatty acids for each treatment (SIMPER; Table 1.1). DHA 




EPA were lower in lake trout at 14 weeks than found in prey samples, especially in 
those fed copepods and Mysis. Chironomid-fed lake trout had lower LIN and ALA, and 
higher ARA, 22:5n-6, 22:5n-3 and DHA proportions than found in chironomids. 
Copepod-fed lake trout contained higher proportions of OA and lower 14:0, 17:1n-9, and 
POA compared to copepod samples. Lake trout that were fed Mysis contained higher 
proportions of 18:0, and lower proportions of 14:0, ALA, and stearidonic acid (SDA; 
18:4n-3) than in Mysis.  
SIMPER indicated a similar set of fatty acids differentiated among lake trout after 
14 weeks of feeding (Table 1.4). Specifically, POA, 18:0, LIN, ARA, and DHA were 
important regardless of which lake trout groups were being compared. Higher 
proportions of OA for those fed copepods, 20:1 (n-9 and n-11) for those fed Mysis, and 
20:3n-6 and EPA for those fed chironomids were also fatty acids important for 
differentiating amongst lake trout fatty acid profiles at 14 weeks. 
Calibration coefficients 
 Calibration coefficients calculated from chironomid-fed lake trout were generally 
higher than the two other lake trout groups, especially for long-chain fatty acids, which 
were not present in chironomids (Table 1.5). 20 out of 31 coefficients for lake trout that 
were fed copepods and Mysis were not statistically different. Coefficients for 18:0, 
18:1n-7, ARA, and EPA were significantly different across all three diet treatments. 
Coefficients for 16:1n-9 and OA were higher for copepod-fed lake trout than those fed 
chironomids or Mysis. 
Discussion 
Identifying timeframes necessary for fatty acids of consumers to reflect those 




profiles of wild specimen. After a diet shift, a stabilization of fatty acid proportions would 
be expected and was noted between 8 and 14 weeks of feeding. Fatty acid profiles of 
lake trout fed either Mysis or copepods were not significantly altered after the 8th week 
of our 14-week feeding trial. Conversely, fatty acid profiles of chironomid-fed lake trout 
continued to be altered throughout the duration of 14 weeks. nMDS plots suggest that 
larger modifications to fatty acids of chironomid-fed lake trout occurred in the first 8 as 
opposed to the final 6 weeks. This stabilization suggests that the majority of 
modifications to fatty acids occurred within the first 8 weeks of feeding. The longer 
timeframe for stabilization in chironomid-fed lake trout can be attributed to the lack of 
long-chain fatty acids in chironomids. As such, we expect that fatty acid profiles of wild 
lake trout juveniles would reflect prey consumption that took place over a period of 8 
weeks. 
Our data offer evidence for the conversion of essential fatty acids to compensate 
for a lack of long-chain fatty acids in diets. For instance, proportions of ALA, LIN, and 
EPA were consistently lower in lake trout than in prey, whereas DHA and ARA were 
consistently higher in lake trout compared to their diet. A lack of dietary response in 
DHA and ARA proportions suggests physiological control of concentrations and 
anabolism from ALA and LIN respectively (Jobling et al. 2002, Bell et al. 2003, Budge et 
al. 2011). This was especially evident in chironomid-fed lake trout, because of an 
increased need to convert ALA and LIN into DHA and ARA, which were not found in 
chironomids. Further confirmation of conversions from precursors is provided by the 
presence of intermediary fatty acids 22:4n-6 and 22:5n-3 in higher proportions in lake 




Oncorhynchus mykiss) were offered no n-3 fatty acids except ALA from first feeding and 
yet substantial amounts of EPA and DHA were recovered in mature adults (Lazzarotto 
et al. 2015). In fact, several reports from aquaculture have shown that as less DHA is 
offered, more DHA is retained or generated through bioconversions of other n-3 fatty 
acids (Skonberg et al. 1994, Caballero et al. 2002, Murray et al. 2014, Lazzarotto et al. 
2015). CCs from the Mysis and copepod treatments indicate conversion of EPA to DHA 
when other precursors (i.e. ALA and LIN) are not offered in adequate amounts. Such 
differences in patterns of conversions among these fatty acids add to the mounting 
evidence for diet-specific modification of fatty acids in fishes, especially of those offered 
in high concentrations (Bell et al. 2003, Bell et al. 2004, Torstensen et al. 2004, 
Stubhaug et al. 2005).  
Feeding a predator with three prey types, generated dissimilar patterns of fatty 
acid assimilation, modification, and retention among treatments. To account for such 
endogenous processes, QFASA modeling procedures mathematically “metabolize” fatty 
acids of prey to make them more similar to those of predators. However, if each diet 
generated different calibration coefficients, which coefficients to use becomes difficult to 
assess. Galloway et al. (2014a) compared fatty acid profiles of wild individuals to those 
of individuals fed known diets in a lab setting instead of using coefficients. A similar 
method could be implemented with QFASA models if coefficients for each predator-prey 
pairing were modeled and employed concomitantly (Happel et al. 2016a).  
Dealing with large variation in coefficients may be a realization of working across 
the invertebrate-vertebrate interface. Fatty acid profiles of our prey were similar to those 




et al. 2012) particularly the low proportions of polyunsaturated fatty acid levels found in 
Chironomidae spp. (Goedkoop et al. 1998, Sushchik et al. 2003). Our extremely large 
calibration coefficients were due to long-chain fatty acids present in lake trout that were 
not in prey. This is especially evident with DHA, where proportions increased when 
provided, but were retained at original levels when absent in prey. In marine systems, it 
is often assumed that DHA in consumers can only arise from dietary sources, and it is 
normally included in QFASA models (Iverson et al. 2004, Budge et al. 2006, Nordstrom 
et al. 2008). While we provide evidence that DHA may not directly relate to diets in 
freshwater species, DHA still contributed to differences among groups of lake trout at 14 
weeks. Our data mirror results of Strandberg et al. (2015) suggesting that DHA 
proportions will increase if provided in diets due to selective retention, and is still a 
useful dietary indicator. As DHA differentiates among lake trout fed known diets, we 
hesitate to suggest its removal from QFASA models until the effects of eliminating such 
an abundant fatty acid are evaluated further.  
The high level of DHA retention in our lake trout samples is influenced by the 
analysis of whole-body homogenates. Neural tissues such as the brain, contain high 
concentrations of DHA compared to other tissues (reviewed in: Stillwell and Wassall 
2003). Despite the relatively small mass of brain tissue compared to the rest of a fish’s 
body, inclusion of brain and other non-adipose tissues (i.e., liver) contributed to the lack 
of dietary response of this fatty acid. The analysis of total lipids also adds to the high 
degree of DHA retention as polar fractions contain large DHA proportions regardless of 
tissue (Aursand et al. 1994, Lazzarotto et al. 2015). Livers have been shown to contain 




al. 1998). Focusing more on tissues with fatty acid profiles that reflect dietary origins, 
such as adipose fat, or analyzing separate neutral and polar fractions would reduce the 
degree of DHA retention shown, but would not eliminate its effect. 
Wild juvenile lake trout would be expected to grow better when diets are 
composed of chironomids or Mysis due to higher proportions of ALA and LIN compared 
to copepods. Growth patterns appear to follow the amount of ALA and LIN supplied in 
diets, adding to evidence that offering these precursors of long-chain fatty acids may 
satisfy essential fatty acid requirements for freshwater species (Tocher 2003, Murray et 
al. 2014, Lazzarotto et al. 2015). Although neural and ocular tissues require DHA, and 
immune systems require ARA and EPA (reviewed in: Tocher and Glencross 2015), 
none of these fatty acids appeared to correspond to growth differences of lake trout. 
This is especially evident when one considers that lake trout fed chironomids or Mysis 
grew despite drastically different EPA and DHA proportions in their food. Further, we do 
not believe this to be a result of feeding diets with different lipid contents and thus diet 
treatments that are non-isocaloric. Chironomids and Mysis contained the most 
drastically different lipid amounts, whereas chironomids and copepods were most 
similar, yet growth patterns do not correlate with these results (nor do survival data). As 
such, we believe that proportions of specific fatty acids offered in the diets resulted in 
differential growth of juvenile lake trout. 
Our data indicate that fatty acids can be used to differentiate between wild age-0 
lake trout that consume chironomids, copepods, or Mysis. Early foraging has been 
suggested as a means to compensate for maternally derived thiamine deficiencies 




Richter et al. 2012), monitoring what items comprise diets of juvenile lake trout in stocks 
experiencing thiamine deficiencies is of interest. Copepods comprised a large portion 
(20 – 30% numerically) of age-0 (< 30 mm) lake trout diets in Lake Champlain, while 
diets of similar sized lake trout in Lake Huron were dominated by chironomids (> 69% 
by volume; Swedberg and Peck 1984, Ladago et al. 2016). These represent stocks that 
experience little natural recruitment (Lake Champlain) and a recent recovery of natural 
reproduction (Lake Huron). How diet differences of age-0 lake trout relate to thiamine 
concentrations, and subsequently juvenile survival is currently unclear, but concomitant 
analysis of fatty acid profiles and thiamine contents could elucidate these uncertainties.  
We demonstrate through the comparison of CCs, that patterns of fatty acid 
modification depended on the fatty acid composition of the diet. Investigations into the 
effects different CC sets have on estimated diet compositions could indicate which sets 
are most appropriate for use in QFASA of wild individuals (e.g., Meynier et al. 2010). 
Ideally, we recommend that fatty acid based models incorporate data from controlled 
feeding studies of each predator-prey relationship and avoid the use of CCs. However, 
the controlled feeding studies required for calculating multiple CC sets is cost, space, 
and time prohibitive for many large bodied species for which valuable data could be 
gained through QFASA-like modeling approaches. Ultimately, fatty acid based methods 
are just one of several techniques used to obtain dietary information, among which no 
single option is best in all cases.  
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Tables and Figure 
Table 1.1  
Mean lipid content (% wet mass), length (mm), mass (g), and fatty acid profiles (mass % of total fatty acids) of lake trout 
(LAT) fed known diets for 14 weeks, and of the diets. Bolded fatty acids were identified by SIMPER as highly different 
between LAT and their respective diet. Letters denote significant differences amongst lake trout lipid contents, lengths and 
masses, and lipid differences between diets. 
 Initial
¥  Chironomid  Copepod  Mysis 
 LAT  LAT Diet  LAT Diet  LAT Diet 
n 7¥  9 4  9 4  9 4 
Length 22.90 ± 0.90d  41.11 ± 2.62a   28.22 ± 1.56c   35.56 ± 4.61b  
Mass  0.09 ± 0.01c  0.58 ± 0.10a   0.19 ± 0.05c   0.42 ± 0.15b  
Lipid 5.03 ± 0.27a  2.29 ± 0.38b 0.61 ± 0.35y  4.09 ± 1.56a 1.79 ± 0.26y  4.67 ± 0.67a 5.22 ± 1.64x 
12:0 0.01 ± 0.00  0.02 ± 0.01 0.24 ± 0.07  0.05 ± 0.01 0.11 ± 0.01  0.14 ± 0.05 0.40 ± 0.05 
14:0 1.46 ± 0.29  1.07 ± 0.17 1.77 ± 1.90  1.51 ± 0.24 3.88 ± 0.21  2.49 ± 0.47 5.11 ± 0.33 
14:1n-5 0.09 ± 0.03  0.06 ± 0.02 1.26 ± 1.40  0.06 ± 0.03 0.08 ± 0.02  0.09 ± 0.01 0.29 ± 0.11 
15:0 0.37 ± 0.04  0.63 ± 0.03 1.02 ± 0.23  0.39 ± 0.03 0.67 ± 0.02  0.40 ± 0.05 0.55 ± 0.01 
16:0 15.2 ± 2.43  18.16 ± 0.94 17.29 ± 0.88  16.39 ± 2.48 18.59 ± 0.62  15.2 ± 0.65 15.76 ± 0.42 
16:1n-9 1.48 ± 0.11  1.39 ± 0.16 1.12 ± 0.22  0.54 ± 0.10 0.21 ± 0.02  0.66 ± 0.06 0.47 ± 0.03 
16:1n-7 4.74 ± 0.60  2.59 ± 0.34 8.07 ± 1.34  11.39 ± 2.83 16.79 ± 0.24  4.83 ± 0.77 8.24 ± 0.97 
17:0 0.26 ± 0.01  1.03 ± 0.03 1.40 ± 0.33  0.43 ± 0.04 0.60 ± 0.06  0.38 ± 0.02 0.32 ± 0.01 
17:1n-9 0.40 ± 0.02  0.74 ± 0.08 0.85 ± 0.40  0.15 ± 0.04 3.85 ± 0.1  0.26 ± 0.06 0.28 ± 0.02 
18:0 4.5.0 ± 0.24  8.63 ± 0.27 9.85 ± 0.30  5.23 ± 1.02 3.14 ± 0.27  2.90 ± 0.36 0.90 ± 0.04 
18:1n-9  19.96 ± 0.86  12.84 ± 0.56 12.32 ± 0.96  6.14 ± 1.54 1.40 ± 0.52  17.1 ± 0.16 15.03 ± 1.79 
18:1n-7 5.52 ± 0.17  4.18 ± 0.34 5.40 ± 0.42  4.62 ± 0.25 3.24 ± 0.07  4.36 ± 0.21 3.95 ± 0.25 
18:2n-6 2.59 ± 0.15  7.54 ± 0.84 16.85 ± 3.53  1.30 ± 0.35 1.75 ± 0.05  3.76 ± 0.36 5.19 ± 0.29 
18:3n-3 2.27 ± 0.14  1.82 ± 0.27 11.66 ± 4.22  3.25 ± 0.87 6.40 ± 0.12  3.33 ± 0.46 6.33 ± 1.03 
18:4n-3 0.35 ± 0.04  0.82 ± 0.15 1.22 ± 0.31  1.48 ± 0.49 3.53 ± 0.08  1.39 ± 0.28 3.87 ± 0.88 
20:0 0.03 ± 0.01  0.31 ± 0.07 0.94 ± 0.18  0.17 ± 0.12 0.10 ± 0.02  0.16 ± 0.07 0.12 ± 0.01 
20:1* 1.75 ± 0.69  0.54 ± 0.08 0.42 ± 0.05  0.40 ± 0.14 0.36 ± 0.05  1.84 ± 0.19 2.08 ± 0.12 




Table 1.1 cont.          
20:3n-6 0.25 ± 0.03  1.99 ± 0.20 0.07 ± 0.01  0.16 ± 0.05 0.09 ± 0.01  0.25 ± 0.03 0.14 ± 0.00 
20:4n-6 5.66 ± 0.48  8.69 ± 0.65 2.55 ± 0.86  2.15 ± 0.37 0.78 ± 0.03  3.97 ± 0.26 2.91 ± 0.45 
20:3n-3 0.90 ± 0.15  0.28 ± 0.03 0.07 ± 0.02  0.75 ± 0.19 0.72 ± 0.07  0.79 ± 0.05 0.88 ± 0.11 
20:4n-3 1.75 ± 0.28  1.56 ± 0.97 0.18 ± 0.13  1.23 ± 0.36 0.98 ± 0.02  1.21 ± 0.24 1.26 ± 0.15 
20:5n-3 5.76 ± 0.38  3.66 ± 0.26 4.60 ± 1.07  9.28 ± 0.75 18.26 ± 0.79  7.57 ± 0.65 11.89 ± 0.71 
21:5n-3 0.09 ± 0.02  0.02 ± 0.01 0.01 ± 0.01  0.46 ± 0.25 0.65 ± 0.06  0.19 ± 0.03 0.26 ± 0.03 
22:0 0.00 ± 0.00  0.06 ± 0.02 0.07 ± 0.04  0.03 ± 0.01 0.11 ± 0.02  0.03 ± 0.00 0.07 ± 0.01 
22:1n-9 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00  0.03 ± 0.02 0.16 ± 0.03  0.03 ± 0.00 0.04 ± 0.01 
22:1n-11 0.02 ± 0.01  0.05 ± 0.01 0.00 ± 0.00  0.03 ± 0.02 0.06 ± 0.01  0.17 ± 0.02 0.22 ± 0.05 
22:4n-6 0.00 ± 0.00  0.42 ± 0.04 0.00 ± 0.00  0.24 ± 0.20 0.00 ± 0.00  0.54 ± 0.09 0.05 ± 0.06 
22:5n-6 0.58 ± 0.13  2.06 ± 0.23 0.00 ± 0.00  0.70 ± 0.19 0.79 ± 0.06  1.32 ± 0.11 1.40 ± 0.04 
22:5n-3 4.39 ± 0.81  1.91 ± 0.16 0.00 ± 0.00  2.94 ± 0.80 1.01 ± 0.11  2.10 ± 0.18 0.71 ± 0.06 
22:6n-3 18.61 ± 1.77  15.41 ± 1.18 0.17 ± 0.21  27.93 ± 2.75 10.84 ± 0.47  21.04 ± 2.47 9.29 ± 1.07 
*20:1n-9 and 20:1n-11 coeluted and are reported as one fatty acid. 





Classification among lake trout fatty acid profiles at each sampling period within each 
diet treatment group. Canonical analysis of principal coordinates conducted for each 
diet treatment separately. Sampling period designated by week (Wk) of consecutive 
feeding. 
   Classified as Wk: 
Diet Wk  Initial 4 8 14 
Chironomid 4  0 9 0 0 
 8  0 0 9 0 
 14  0 0 0 9 
Copepod 4  0 9 0 0 
 8  0 0 8 1 
 14  0 0 4 5 
Mysis 4  0 9 0 0 
 8  0 0 7 2 
 14  0 0 1 8 
 
Table 1.3 
Classification among fatty acid profiles of lake trout fed invertebrate prey items within 
each sampling period. Canonical analysis of principal coordinates conducted separately 
for each time-period (designated by week (Wk) of consecutive feeding) lake trout were 
sampled. 
   Classified as from Diet: 
Wk Diet  Chironomid Copepod Mysis Initial 
4 Chironomid  7 0 2 0 
 Copepod  1 8 0 0 
 Mysis  2 0 7 0 
8 Chironomid  9 0 0 0 
 Copepod  0 9 0 0 
 Mysis  0 0 9 0 
14 Chironomid  9 0 0 0 
 Copepod  0 9 0 0 






Fatty acids contributing to differences (% of Diff.) between lake trout that were fed 
chironomids, copepods, or Mysis for 14 weeks as assessed by SIMPER analysis. Fatty 
acids were expressed as relative percentages and square root transformed prior to 
SIMPER analysis. 
Chironomids vs. Mysis  Chironomids vs. Copepods  Copepods vs. Mysis 
Fatty acid % of Diff.  Fatty acid % of Diff.  Fatty acid % of Diff. 
18:0 9.76  16:1n-7 10.7  18:1n-9 15.78 
20:4n-6 7.51  18:2n-6 9.91  16:1n-7 10.91 
20:3n-6 7.13  20:4n-6 9.10  18:2n-6 7.63 
20:5n-3 6.60  22:6n-3 8.35  20:1* 6.89 
18:2n-6 6.36  20:5n-3 6.94  22:6n-3 6.63 
22:6n-3 5.24  18:1n-9 6.87  18:0 5.47 
20:1* 4.90  20:3n-6 6.24  20:4n-6 5.00 
16:1n-7 4.63  18:0 4.03  20:2n-6 4.81 





Table 1.5  
Mean calibration coefficients (mean ± SD) calculated by dividing lake trout fatty acids by 
those in their respective diet. Individual lake trout (n = 9 per diet) were used as sample 
units in ANOVA testing. P values are presented if > 0.0001. 
Fatty Acid Chironomids Copepods Mysis F2,24 P Values 
n 9 9 9   
12:0 0.12 ± 0.07b 0.46 ± 0.13a 0.37 ± 0.12a 28.50  
14:0 4.41 ± 0.73a 0.38 ± 0.06b 0.48 ± 0.09b 508.05  
14:1n-5 0.67 ± 0.29ab 0.8 ± 0.47a 0.37 ± 0.05b 4.30 0.0253 
15:0 0.65 ± 0.03b 0.58 ± 0.04b 0.73 ± 0.1a 11.20  
16:0 1.05 ± 0.05a 0.88 ± 0.13b 0.96 ± 0.04ab 8.48 0.0016 
16:1n-9 1.27 ± 0.14b 2.61 ± 0.48a 1.4 ± 0.14b 63.64  
16:1n-7 0.32 ± 0.04b 0.67 ± 0.16a 0.59 ± 0.09a 30.15  
17:0 0.77 ± 0.02b 0.72 ± 0.06b 1.17 ± 0.06a 166.43  
17:1n-9 1.05 ± 0.12a 0.04 ± 0.01b 0.94 ± 0.22a 328.10  
18:0 0.87 ± 0.02c 1.67 ± 0.32b 3.21 ± 0.4a 165.59  
18:1n-9  1.04 ± 0.04b 4.72 ± 1.19a 1.15 ± 0.01b 161.85  
18:1n-7 0.77 ± 0.06c 1.42 ± 0.07a 1.1 ± 0.05b 218.83  
18:2n-6 0.46 ± 0.05b 0.74 ± 0.2a 0.72 ± 0.07a 15.09  
18:3n-3 0.17 ± 0.02b 0.5 ± 0.13a 0.53 ± 0.07a 65.32  
18:4n-3 0.7 ± 0.13a 0.42 ± 0.14b 0.37 ± 0.07b 20.08  
20:0 0.33 ± 0.07b 1.78 ± 1.29a 1.26 ± 0.58a 13.52  
20:1* 1.28 ± 0.19a 1.12 ± 0.39ab 0.88 ± 0.09b 4.66 0.0195 
20:2n-6 5.37 ± 1.17a 0.7 ± 0.21b 0.85 ± 0.04b 237.19  
20:3n-6 27.71 ± 2.84a 1.79 ± 0.65b 1.82 ± 0.21b 916.92  
20:4n-6 3.71 ± 0.28a 2.74 ± 0.47b 1.38 ± 0.09c 141.72  
20:3n-3 4.15 ± 0.5a 1.05 ± 0.28b 0.9 ± 0.06b 268.71  
20:4n-3 200.03 ± 124.35a 1.26 ± 0.37b 0.96 ± 0.19b 70.34  
20:5n-3 0.83 ± 0.05a 0.5 ± 0.04c 0.63 ± 0.05b 85.93  
21:5n-3 10.36 ± 5.43a 0.7 ± 0.38b 0.73 ± 0.15b 36.93  
22:0 1.06 ± 0.41a 0.32 ± 0.13b 0.51 ± 0.09b 22.69  
22:1n-9 1.22 ± 0.58a 0.23 ± 0.17b 0.77 ± 0.17a 23.69  
22:1n-11 24.96 ± 6.2a 0.53 ± 0.36b 0.82 ± 0.13b 312.71  
22:4n-6 261.07 ± 26.64a 56.95 ± 47.88b 5.08 ± 0.90c 118.3  
22:5n-6 1346.27 ± 153.59a 0.87 ± 0.24b 0.94 ± 0.08b 2595.18  
22:5n-3 1473.2 ± 123.48a 2.93 ± 0.79b 2.94 ± 0.25b 4575.75  
22:6n-3 4471.45 ± 344.79a 2.58 ± 0.25b 2.28 ± 0.26b 5638.84  





Fig 1.1  
nMDS plots of fatty acid profiles (square root transformed relative percentages; Bray-
Curtis similarities) of lake trout (solid symbols) and frozen diets (open symbols) after a.) 
4, b.) 8, and c.) 14 weeks on separate diets. Fatty acid profiles of lake trout prior to 




1This Chapter was published in its entirety in the Canadian Journal of Fisheries and Aquatic Sciences. Full Citation: 
Happel, A., Stratton, L., Kolb, C., Hays, C., Rinchard, J., and Czesny, S. 2016. Evaluating quantitative fatty acid 
signature analysis (QFASA) in fish using controlled feeding experiments. Can. J. Fish. Aquat. Sci. 73(8): 1222-1229. 
Chapter 2: Evaluating quantitative fatty acid signature analysis (QFASA) in fish 
using controlled feeding experiments1 
Abstract 
Accurate diet estimation has long been a challenging issue for researchers 
investigating predators due to constraints associated with stomach content analyses. 
Fatty acid signature analysis offers an alternative avenue to study long-term diet trends 
in consumers. Despite the wealth of experiments involving fatty acids of fish and their 
diets, few have evaluated quantitative fatty acid signature analysis (QFASA) with fish 
consumers. To this end we fed juvenile lake trout, round goby, and yellow perch various 
invertebrate species and back classified each predator to its respective prey using only 
fatty acids. Estimates were highly accurate when metabolism of diets was natively 
accounted for by using fatty acid profiles of predators fed known diets as the “prey 
library”. While highly accurate results were obtained, accounting for each predator-prey 
relationship limits the use of QFASA to predators that consume a limited number of 
species. We call for predator-prey specific knowledge of metabolism before attempting 
to use fatty acids for quantifying consumer’s diets. Only after adequate incorporation of 
species metabolism will fatty acids provide an accurate view of individual’s diets when 





Accurate quantitative diet estimation of aquatic predators remains a pervasive 
challenge to resource managers. Stomach flushing or dissection have provided 
information on interspecific competition (Jacobs et al. 2010), intraspecific competition 
(Creque and Czesny 2012), individualistic prey selectivity (Roswell et al. 2013), and 
prey community change (Fagan et al. 2012). However, macrohistological investigations 
can be complicated by empty stomachs, chance events, short egestion times, and 
differential digestion rates between hard and soft tissues (Hyslop 1980, Parrish and 
Margraf 1990, Jacobs et al. 2010). As an attempt to circumvent these sources of bias, 
extensive work has been conducted using biochemical compounds present in all 
organisms as dietary tracers (Post 2002, Arts et al. 2009). 
Fatty acids used as biochemical tracers conceptually follow the “you are what 
you eat” principle. Fatty acids, major components of energy storage molecules 
(triacylgylcerides), are deposited in consumer tissues in patterns reflective of fatty acids 
acquired through diets (Sargent et al. 2002, Budge et al. 2006, Elsdon 2010). As such, 
fatty acid profiles have been analyzed and compared in a wide variety of species to infer 
dietary relationships (Czesny et al. 2011, Kelly and Scheibling 2012, Dethier et al. 2013, 
Taipale et al. 2013, Strandberg et al. 2015). Qualitatively, trophic level and foraging 
location can be interpreted using knowledge of the fatty acid compositions of several 
potential prey species (Budge et al. 2006, Piché et al. 2010, Parrish et al. 2015). While 
such methods yield general ideas of foraging patterns, identification of actual diet 




Consumer metabolism prevents exact matching of predator fatty acid signatures 
to prey even when fed a single diet (Budge et al. 2011, Taipale et al. 2011, Copeman et 
al. 2013). Several aquatic species (i.e., daphnids and copepods) have been shown to 
preferentially accumulate long chain fatty acids over others (Kainz et al. 2004, Taipale 
et al. 2011, Masclaux et al. 2012, Strandberg et al. 2015). Consumers’ metabolism and 
assimilation of fatty acids has been modeled by feeding captive animals known diets 
and relating fatty acid compositions of consumer tissues and diets (Nordstrom et al. 
2008, Käkelä et al. 2009, Galloway et al. 2015). Calibrations, derived from such feeding 
trials, have subsequently been employed to yield estimates of diet compositions of wild-
caught predators (Nordstrom et al. 2008, Iverson 2009, Tucker et al. 2009). However, 
such attempts at diet composition estimation have sparsely been explored in fishes 
(Budge et al. 2012, Magnone et al. 2015). 
It has yet to be established if quantitative fatty acid signature analysis (QFASA) 
can yield accurate estimations of prey composition in piscine predators. The few studies 
that have attempted to model piscine fatty acid metabolism have relied on formulated 
diets. For example, Budge et al. (2012) used formulated feeds to evaluate accuracy of 
estimating Atlantic salmon (Salmo salar) diet compositions using fatty acid analysis. We 
question if diet estimation is possible when consumers are fed less controlled diets, i.e. 
natural prey organisms. Formulated diets varying in only oil composition may not 
provide accurate representations of complex biochemical metabolism. For example, it 
has been shown that varying levels of certain amino acids affect the metabolism of 
other amino acids (Elango et al. 2008). Similar competitive and compensatory metabolic 




individual prey species may require modeling (Rosen and Tollit 2012). Accounting for 
consumers’ assimilation of each prey item using feeding experiments has recently been 
employed in studies of daphnia foraging (Galloway et al. 2014b, Galloway et al. 2015). 
Such specific calibrations for each predator-prey interaction would potentially make diet 
estimations from fatty acids too cumbersome for species in complex food webs. 
The purpose of this study was to develop and investigate the efficacy of a model, 
originally constructed for marine mammals (QFASA: Iverson et al. 2004), to estimate 
fish diet compositions. Lake trout (Salvelinus namaycush), round goby (Neogobius 
melanostomus), and yellow perch (Perca flavescens) were selected as model species 
due to their economic and ecological importance within the Great Lakes. Using multiple 
consumers allowed us to ensure that our results can be interpreted and discussed in a 
broader context that looks beyond species-specific characteristics. Specifically, our 
objectives were to 1) establish a working diet estimation model, and 2) evaluate its 
potential in freshwater predators. 
Methods 
Feeding Trial Design 
The three feeding experiments were conducted at The College at Brockport. Fish 
were maintained under flow-through conditions in dechlorinated (carbon filter – Siemens 
Water Technology, Warrendale, PA) city water and were exposed to natural 
photoperiod and ambient water temperatures. Juvenile lake trout (mean ± 1 standard 
deviation; 22.9 ± 1.0 mm; 0.09 ± 0.01 g) were kept in fifteen 38-L aquaria, yellow perch 
(7.0 ± 0.5 mm; 3.0 ± 0.7 g) in six 400-L circular tanks, and round goby (9.6 ± 1.3 mm, 




of round goby, and reduce stress, small gravel and rocks were placed on the bottom of 
the tanks as well as half sections of PVC enclosures. Fish were fed frozen invertebrate 
prey: bloodworms (Chironomidae Chironomus spp.), copepods (Cyclopoida spp.), 
daphnia (Daphnia spp.), Mysis (Mysis spp.), or tubifex worms (Tubifaceae spp.) 
purchased from JEHMCO (www.jehmco.com; Table 2.1). Lake trout (n = 100 per 
aquarium) and yellow perch (n = 160 per tank) diet treatments were conducted in 
triplicate and round goby (n = 30 per tank) conducted in duplicate. Yellow perch and 
round goby were fed Mysis or bloodworms at a daily feeding rate of 3 and 5% of their 
body weight, respectively, whereas lake trout were offered one of the five prey at 3% of 
tank biomass per day. Feeding rates were adjusted bi-weekly to account for growth. 
After 14 wks., only 3 lake trout being fed tubifex worms remained alive and were 
terminally sampled. All remaining daphnia fed lake trout (n = 18), and 9 lake trout from 
each of the remaining dietary treatments were sampled at this point. A period of 14 wks. 
was determined to allow for fatty acid turnover of each diet type in lake trout (Happel et 
al. 2016b). For the round goby experiment, 5 bloodworm and 10 mysis fed individuals 
were sampled after 14 wks. of feeding, and 5 bloodworm and 11 mysis fed individuals 
after 16 wks. All yellow perch were sampled after a 24 wk. period of feeding either 
bloodworm or mysis (n = 21 for both). As feeding experiments occurred at different 
times, separate samples for each prey type were analyzed for fatty acids concurrently 
with the predators (Table 2.1). Data from each feeding experiment were kept separate 
during modelling exercises described below (Tables 2.1 and 2.2). 
Individual fish were euthanized using a lethal dose of MS-222. Mass and length 




acid analysis. Prior to analysis, individual samples were partially thawed and whole fish 
homogenized. Lipids were extracted according to Folch et al. (1957). Fatty acid methyl 
esters were prepared according to Metcalfe and Schmitz (1961), separated by gas 
chromatography/mass spectrometry (Agilent 7890A GC and 5975C inert XL EI/CI MSD, 
Agilent Technologies, Inc., Santa Clara, California, USA) and quantified as described in 
Czesny et al. (2011). The 24 most abundant (contributing > 1.0% in any sample group) 
fatty acids were expressed as relative percentages (Tables 2.1 and 2.2). 
Model Creation and Testing  
The quantitative fatty acid signature analysis (QFASA) model was constructed 
following Iverson et al. (2004) using Proc IML in SAS 9.3. Optimizations were conducted 
with the non-linear optimization by Quasi-Newton subroutine (Call NLPQN; default 
settings; estimates constrained between 0 and 1) minimizing Kullback-Liebler (KL) 
distances. This distance is defined as: 
𝐾𝐿 =  ∑(𝑦𝑗 −  ?̂?𝑗)log (?̂?𝑗/
𝑗
𝑦𝑗) 
where 𝑦𝑗 and ?̂?𝑗 refer to the proportion of the jth fatty acid in a consumer and that 
consumer’s estimated fatty acid profile, respectively. KL distance calculation is 
conservative in that it gives more weight to differences among minute concentrations 
than large concentrations, and performs relatively well at quantifying distances between 
observed and estimated fatty acid signatures (Iverson et al. 2004, Bromaghin et al. 
2015a). Optimizations stopped when KL distances could not be reduced further, 
representing the closest attainable estimate for each predator’s diet. In other words, the 




fatty acid signature that resembles the observed predator’s signature the closest, and 
then returns the percentage values for each prey type that generated that mixture. 
Our first step was to challenge the model by creating pseudo-predators using 
prey fatty acid signatures to investigate the accuracy of the coding procedures. Values 
that did not return 100% accuracy would indicate inherent noise within the model. A 
single subsample of each prey type was chosen, at random with replacement, and the 
model was challenged to estimate which averaged prey type it originated from. 
Furthermore, pseudo-predators were created by randomly sampling 1 prey fatty acid 
signature subsample (with replacement) and subsequently multiplying by ratios, e.g., 
50% of a daphnia profile and 50% of a Mysis profile added together. Ratios chosen 
consisted of even mixtures of the two most similar prey types (daphnia and Mysis), the 
two most different types (tubifex worms and copepods), and of all prey types (Table 2.1; 
Fig. 2.1). The prey library consisted of an average of all four sub-samples for each prey 
type from the lake trout experiment and remained unchanged throughout testing 
procedures. This was repeated 1000 times for each prey and each pseudo-predator to 
yield an average and 95% confidence interval for each pseudo-predator (Fig. 2.1). 
Model Calibration 
No significant differences in fatty acid profiles among tanks (nor time-period for 
round goby) were noted for any species and thus individual fish are used as replicates 
for the following procedures (Analysis of Similarity, ANOSIM). To account for 
modifications of fatty acid concentrations due to predator metabolism, calibration 
coefficients (CCs) were calculated from predator and prey signatures and incorporated 




either consumer or diet type) of the kth diet type. Calibration coefficients were 
generated using two methods:  
CC1𝑘𝑗 =  𝑃𝑟𝑒𝑑𝑎𝑡𝑜𝑟𝑘𝑙𝑗 𝑃𝑟𝑒𝑦𝑘𝑙𝑗⁄   CC2𝑘𝑗 =  𝑃𝑟𝑒𝑦𝑘𝑙𝑗 𝑃𝑟𝑒𝑑𝑎𝑡𝑜𝑟𝑘𝑙𝑗⁄   
where CC1) divides fatty acid proportions in each predator by those in each sample of 
their respective prey type then averages (represented by a bar above the equation) 
across individual predators fed the same diet; and CC2) by averaging the reciprocals of 
those described as CC1. 
The 5 lake trout, 2 round goby, and 2 yellow perch CC1s (Fig. 2.2) were applied 
to each predator independently by dividing each predator’s fatty acid profile by the 
respective CC1. These “traditional CCs” de-metabolize each predator signature to be on 
par with that of the potential prey library (termed prey space optimization; Bromaghin et 
al. 2015b). CC1s were only applied among the relevant consumer species rather than 
across species (i.e., lake trout were only calibrated using lake trout derived CCs). An 
average of all CC1s within each predator species was tested to evaluate the ability to 
account for the various retention patterns that occurred across all diets. This created an 
additional CC1 trial for each predator species. 
CC2s were concurrently applied to all prey relevant to the consumer trial (i.e., 
only Mysis and bloodworms for yellow perch). This method involves a single trial that 
mathematically metabolizes the entire prey library to reflect the predator species using a 
CC specific to each predator-prey relationship (herein termed: prey-specific). We 
expected this method to be more accurate than CC1 trials as it accounts for prey-




acid signature is divided by its respective CC2, however this is nearly identical to simply 
using the average of the predators from the feeding trial. Minute noise is added by 
including prey fatty acid signatures in the equation. Similar to with CC1, we were also 
interested in compiling several feeding trials to generate a mean CC that might be 
applied to all prey items. Thus, CC2s were averaged across diet treatments and 
subsequently applied to all prey items at once. 
For comparison, we conducted another optimization trial where the prey library 
was replaced by averaged predator fatty acid signatures for each diet treatment. This 
trial is similar to more recent methods where daphnia fed know diets act as end points 
for comparison of wild caught individuals (Galloway et al. 2015). As such, uncertainty in 
CC calculation, specificity, and variation are avoided all together. To avoid confusion 
with CC trials which involved mathematically converting fatty acids of predators to prey 
or vice versa, we refer to this method as using average predator groups (Ave. Pred. 
Groups; Fig. 2).  
For a final comparison, we also conducted trials where no calibrations were 
applied. This yielded a total of 10 trials for lake trout (5 CC1s, an averaged CC1, a CC2, 
an averaged CC2, Ave. Pred. Groups, and finally no CCs), and 7 each for round goby 
and yellow perch (3 less CC1s for each due to only being fed Mysis and bloodworms). 
All fatty acid signatures used were adjusted to sum to 100 post calibrations and prior to 
optimizations. 
QFASA was repeated on each individual predator for each optimization trial. 
Estimates attained for each individual predator were recorded and total relative mean 




true)/true]2. For each optimization trial, a total RSME was recorded through summation 
across all individual predator estimates. The CC trial that produced the lowest RMSE 
was determined to be the most appropriate (lowest error) for model employment (Figs. 
2.2 and 2.3).  
Model Use 
Finally, we utilized data gained through model testing to investigate accuracy of 
the model in individual diet estimation of predators with known diets. Diet compositions 
were estimated for each predator sample separately, using averaged predator 
signatures as the prey library.  
Further evaluation of the model was conducted by generating pseudo-predators 
using lake trout fatty acid profiles. Lake trout were fed the widest variety of prey and 
thus could produce more complex pseudo-predators. The “prey library” remained as the 
average of lake trout fatty acid profiles from each diet treatment. Pseudo-predators (n = 
1000 per defined diet) were generated by sampling one individual lake trout profile from 
each treatment group randomly and subsequently multiplying each by a predefined diet 
ratio. Diet compositions (n = 6) were chosen to represent various scenarios likely to be 
encountered in wild age-0 lake trout: 1.) Equal = all 5 prey items in equal proportions; 
2.) Most Similar = 50/50 ratio of the two most similar items; 3.) Realistic 1 = 20/5/5/70/0 
mix of diet items; 4.) Realistic 2 = 70/5/0/20/5 mix of diet items; 5.) Exaggerated 1 = 
90/5/0/5/0 mix of diet items; 6.) Exaggerated 2 = 5/5/0/90/0 mix of diet items. Ratios are 
listed as bloodworm/copepod/daphnia/Mysis/tubifex worms. Average diet estimates 
were calculated for each of the six defined pseudo-predator diets. To evaluate which 




from the respective average estimates. The difference representing the average 
percentage point error in QFASA estimation of that item in the diet.  
Results 
Model Creation and Testing 
Challenging the model to predict diet compositions of pseudo-predators yielded 
highly accurate results. All diet ratios utilized were correctly back estimated, with little to 
no error (Fig. 2.1). For single species re-estimations, erroneous estimations were all < 
1.5% (mean: 0.41 ± 0.4%). As such, computer programming of the model was 
considered appropriately proofed and ready for subsequent analyses using predator 
samples. 
Model Calibration 
A more thorough description of lake trout CC1s can be found in Happel et al. 
(2016b). In general, CC1s calculated from bloodworm feeding trials were large and 
highly variable due to low detection rates in bloodworm prey samples. This is 
particularly true for 22:4n-6, 22:5n-6, and 22:5n-3. 22:4n-6 CC1s across all diet trials 
were very high, except round goby that were fed mysis. Fatty acid profiles of round goby 
fed mysis and mysis were highly similar leading to very low CC1s.  
Traditional CCs (CC1) did not yield accurate dietary estimates within this study, 
as judged by RMSE (Figs. 2.2 and 2.3). Of the lake trout CC1 trials, Mysis CC1s 
generated lowest RMSE for diet estimates. Similarly, round goby and yellow perch 
CC1s from those fed Mysis had lower RMSE scores than bloodworm CC1. Accurate 
diet composition estimates were achieved by each CC1 when estimating the respective 




the diet were only achieved when copepod CC1s were used). This is illustrated in Fig. 
2.3 by the Mysis CC1 estimating only the diet component of Mysis fed lake trout 
correctly, compared to any other diet. Averaging CC1s or using no coefficient generally 
resulted in high RSME for all tested consumers.  
The CC2 optimization (conducted in predator space) yielded highly accurate 
results (prey-specific; Figs. 2.2 and 2.3). Using averaged CC2s yielded an increased 
RSME that was relatively similar to that attained by using the CC1 derived from Mysis 
feeding of each consumer. Using predator averages as the prey library yielded the most 
accurate results for each consumer species (Figs. 2.2 and 2.3). The difference in diet 
composition estimates between prey-specific and averaged predator profiles trials was 
minimal (Fig. 2.3). Using predator averages yielded the most accurate results as judged 
by the smallest RMSE, and thus further optimizations were conducted using that model. 
Model Use 
Using average predator groups in model calculations generated diet estimates 
generally within 10% of actual diets. For lake trout, copepod was estimated least 
accurately (92.3 ± 6.6%), whereas all other diets were estimated at above 94% of what 
the lake trout were actually fed (Fig. 2.3). The only 95% confidence interval to 
encompass 100% for lake trout was estimated for tubifex fed lake trout (94.8 ± 8.0%). 
Diet estimates using average predator groups for round goby and yellow perch fed 
bloodworm or Mysis were highly accurate (97.8 ± 1.4 and 98.3 ± 1.9% respectively; Fig. 
2.4; 97.6 ± 2.5 and 98.4 ± 1.2% respectively; Fig. 2.5).  
Pseudo-predator diet compositions were generally estimated with a high degree 




however remained within 15% of the true diet. Both realistic pseudo-predator diet 
compositions were estimated within 6.5-6.6% of the true composition. Proportions of 
tubifex were consistently overestimated, and contributed most (total sum across all 
pseudo-predators: 13.2%) to errors out of all prey species types (range: 7.2-11.5%). 
Items defined as having 0% in the diet were overestimated at 2.5% on average. As 
such, primary components of diets (bloodworm and Mysis) were routinely under 
estimated. 
Discussion 
Provided with data on each predator-prey interaction, diet estimates calculated 
through quantitative fatty acid signature analysis (QFASA) appear highly accurate. Our 
results mirror conclusions reached by Rosen and Tollit (2012), suggesting that 
individual calibrations are needed for each predator-prey interaction in QFASA models. 
Natively accounting for consumers’ diet-specific assimilation of fatty acids within 
quantification models has recently been advocated for and applied in aquatic 
invertebrate studies (Galloway et al. 2014a, Galloway et al. 2014b). Such models 
perform within a Bayesian context, thus allowing models to account for more variation in 
fatty acid profiles. While not reported, we found that multiplication of CC1 to the prey 
base did not increase accuracy, despite performing on par with other QFASA methods 
in other studies (Bromaghin et al. 2015b). This is likely due to the high degree of 
dissimilarity between the fatty acid profiles of our prey and predator species. Models 
that involve prey and predators that have similar profiles (i.e., fish feeding on other fish 
rather than invertebrates) may not necessarily require predator-prey specific 




 The necessity of diet specific calibrations is likely due to fishes’ capacity to 
elongate, desaturate, and selectively oxidize fatty acids prior to deposition in somatic 
tissue (Henderson and Tocher 1987, Bell et al. 2003), which adds complexity to the 
QFASA approach. While cumbersome, our method provided highly accurate diet 
estimations for three fish species that are distinct in their natural feeding habits. We are 
confident that QFASA can be a powerful tool for diet estimations for aquatic predators if 
provided with adequate data on diet specific fatty acid metabolism. Top predators (i.e., 
salmonines) within Lake Michigan have been reduced to consuming di- and possibly tri-
chotomus diets, making them a practical model species for QFASA (Jacobs et al. 2010, 
Roseman et al. 2014, Hares et al. 2015). As such, feeding trials with species of 
economic importance (i.e., lake trout) fed diets consisting of prey items captured within 
the same lake system would provide the groundwork needed to employ QFASA models 
with wild fishes. 
Freshwater lakes tend to be spatially disconnected and highly disparate in their 
energy pathways. As such, prey species from different lake systems, despite similar 
diets, might have different fatty acid compositions (Dethier et al. 2013). Although 
variation in fatty acid profiles within species is less than that among species (Budge et 
al. 2002, Czesny et al. 2011, Lau et al. 2012), zooplankton fed various algae were more 
correctly classified as groups according to diets rather than species of zooplankton 
(Persson and Vrede 2006). It is unclear if the signal to noise ratios amongst species is 
sufficient to allow cross system use of CCs derived from wild type diets. This is 
especially true for higher trophic levels, as predators’ fatty acid profiles appear most 




remains unknown if controlled feeding studies using prey from one location (e.g., Lake 
Michigan) as food, would provide accurate QFASA results when employed on predators 
from other lake systems (e.g., Lake Ontario). Further noise may be added to models as 
sub-species or ecotypes of lake trout were found to metabolize diets differently, 
allocating energy (lipids) in varying amounts and in different tissues (Goetz et al. 2013). 
With on-going studies to develop and stock various strains of commercially and 
ecologically valuable fishes, differences within and among prey resources, feeding 
calibrations, and strain type metabolism may need to be accounted for when studying 
biochemical tracers.  
Large CCs represent high dissimilarities between diet and consumer fatty acid 
profiles. In general, fatty acid profiles of frozen invertebrate prey used in our 
experiments were relatively similar to wild samples (Desvilettes et al. 1997a, Hinderer et 
al. 2012, Lau et al. 2012). As such, large CC calculations appear unavoidable when 
working across invertebrate-vertebrate interfaces. Uncertainty in CCs have led other 
studies to remove fatty acids from their data sets (Wang et al. 2010). Budge et al. 
(2012) suggested removal of fatty acids in low quantities as their low concentrations 
may lead to highly variable coefficients, yet not affect KL distance used in estimations. 
Neubauer and Jensen (2015) reduced their fatty acid variables down to just four, to 
reduce computational power needed to run their Bayesian models, which is not an issue 
with QFASA. Furthermore, estimated pseudo-predator diets, were most accurate when 
an extended set of fatty acids were included in analysis by Wang et al. (2010). We 




of many variables and thus are hesitant to remove large proportions of variables from 
models. 
Compared to consumers, our lower trophic level prey (especially bloodworms 
and tubifex worms) contained trace amounts of certain polyunsaturated fatty acids 
(PUFA), specifically 22:4n-6, 22:5n-6, 22:5n-3. Proportions of many PUFAs in fish fed 
these invertebrates never reached levels found in prey samples even after 14 wks., 
suggesting endogenous control of proportions. Accumulation of PUFA as opposed to 
saturated fatty acids appears common amongst carnivorous species (Persson and 
Vrede 2006). Specifically, 20:4n-6, 20:5n-3, and 22:6n-3 are routinely found to be 
selectively retained in higher quantities than offered diets in a number of aquatic taxa 
(Kainz et al. 2004, Taipale et al. 2011, Galloway et al. 2015, Strandberg et al. 2015). 
These same fatty acids are often good discriminators amongst prey species, and 
predators fed various diets (e.g., Happel et al. 2016b)), and thus removal of these fatty 
acids seems unjustified. Furthermore, reducing fatty acids produces little to no increase 
in accuracy when predators have been fed known diets for extended periods (Budge et 
al. 2006, Iverson et al. 2007, Wang et al. 2010). Currently fatty acid profile calibrations 
are a simplified algebraic attempt to account for a highly complex metabolic system; 
elaboration of this method may alter how fatty acid estimations are calculated in future 
studies. 
Optimizations carried out with pseudo-predators suggest that highly uneven prey 
compositions may be difficult to estimate in wild populations. In our study, these diets 
were estimated within 10% of the defined diet ratios, primarily due to consistent 




daphnia prey, especially when not a part of the defined diet. Potentially feeding 
consumers for longer durations could yield more distinct fatty acid profiles between 
predator groups used as reference points. Certainly longer feeding durations would be 
necessary for larger, slower growing consumers compared to the juvenile fishes we 
used. QFASA estimates obtained using Atlantic salmon fed for 22 wks. still included a 
small estimated percentage of the initial diet (Budge et al. 2006). As such, estimates 
from QFASA should yield good indicators of more important prey species, but will likely 
misrepresent species consumed in minute proportions. 
Bootstrapping methods may provide estimates for individual fishes 
encompassing variability within prey fatty acid profiles. We used averaged prey libraries 
to encompass variation and obtained estimates for each consumer’s diet, then 
averaged across individuals within a diet type to estimate accuracy for each diet 
composition. Averaging individual consumer diet compositions by a factor (i.e. location, 
season, age, etc.) is akin to the employment of stomach content analysis of diets in 
many contemporary studies. However, with QFASA it is possible to get confidence 
intervals for each individual predator/consumer, using randomized sampling of prey 
signatures to generate new prey libraries repeatedly (Iverson et al. 2004, Bromaghin et 
al. 2013). Galloway et al. (2014a) used a similar method in a Bayesian approach to 
QFASA, yielding confidence intervals for each item estimated within an individual 
consumer’s diet. The use of this technique with large prey databases may better 
incorporate known seasonal, spatial, and temporal variation within prey communities 




In summary, diet estimates gained through the use of fatty acid signatures may 
require further refinement but provide crude estimates of predator’s diet composition 
when other methods are not possible. Calibrating QFASA models to each possible 
predator-prey pairing has yielded highly accurate results and likely provides an 
emerging tool ecologists can add to their toolbox. Quantitative abilities may aid 
investigations into on-going recruitment failures plaguing top predator populations in 
large lakes or help understand competitive interactions among fishes by identifying 
dietary shifts and overlaps within and among species. If solely based on stomach 
contents, such studies are subject to biases and shortcomings associated with this 
“snapshot” method. Alternatively, the QFASA approach may offer valuable insights into 
long term feeding habits alleviating some shortfalls of traditional diet assessments. 
Further investigations into non-lethal methods of sampling tracers may increase 
applicability to species of conservation concern. We remain confident that biochemical 
tracer analyses provide alternative tools for monitoring foraging habits and food web 




Tables and Figures 
Table 2.1   
Average (± standard error; %ww) fatty acid profiles of invertebrate diets, analyzed separately for each feeding experiment. 
  Lake Trout  Round Goby  Yellow Perch 
  Bloodworm Copepod Daphnia Mysis Tubifex  Bloodworm Mysis  Bloodworm Mysis 
n 4 4 4 4 4  3 3  6 6 
14:0 1.8 ± 1.4 3.9 ± 2.2 3.8 ± 2.2 5.2 ± 3.0 2.7 ± 2.0  3.6 ± 2.6 4.9 ± 3.5  2.1 ± 1.1 5.4 ± 2.4 
15:0 1.1 ± 0.6 0.7 ± 0.4 1.1 ± 0.6 0.6 ± 0.3 1.1 ± 0.6  1.2 ± 0.9 0.6 ± 0.4  0.8 ± 0.4 0.6 ± 0.3 
16:0 17.8 ± 10.3 18.9 ± 10.9 20.6 ± 11.9 16.1 ± 9.3 8.1 ± 4.7  18.0 ± 12.7 16.2 ± 11.5  18.0 ± 8.0 16.0 ± 7.2 
16:1n-9 1.2 ± 0.7 0.2 ± 0.1 1.9 ± 1.1 0.5 ± 0.3 0.8 ± 0.6  1.0 ± 0.7 0.4 ± 0.3  0.8 ± 0.4 0.4 ± 0.2 
16:1n-7 8.3 ± 4.9 17.0 ± 9.8 13.2 ± 7.6 8.4 ± 4.9 4.4 ± 2.6  7.7 ± 5.5 6.7 ± 4.8  8.9 ± 4.0 8.4 ± 3.8 
17:0 1.4 ± 0.8 0.6 ± 0.4 0.8 ± 0.5 0.3 ± 0.2 1.6 ± 1.0  1.6 ± 1.1 0.3 ± 0.2  1.3 ± 0.6 0.4 ± 0.2 
17:1 0.9 ± 0.5 3.9 ± 2.3 0.3 ± 0.2 0.3 ± 0.2 0.1 ± 0.1  1.4 ± 1.0 0.4 ± 0.3  0.8 ± 0.4 0.3 ± 0.1 
18:0 10.1 ± 5.9 3.2 ± 1.8 3.4 ± 2.0 0.9 ± 0.5 6.3 ± 3.6  9.9 ± 7.1 1.1 ± 0.8  9.9 ± 4.5 0.9 ± 0.4 
18:1n-9  12.7 ± 7.3 1.4 ± 0.9 14.3 ± 8.3 15.3 ± 8.9 1.9 ± 1.1  12.8 ± 9.1 17.2 ± 12.2  12.3 ± 5.5 14.9 ± 6.7 
18:1n-7 5.6 ± 3.2 3.3 ± 1.9 3.8 ± 2.2 4.0 ± 2.3 9.5 ± 5.5  6.5 ± 4.6 4.2 ± 3.0  5.4 ± 2.4 3.9 ± 1.8 
18:2n-6 17.3 ± 10.2 1.8 ± 1.0 4.3 ± 2.5 5.3 ± 3.1 13.0 ± 7.5  18.0 ± 12.8 4.9 ± 3.4  16.2 ± 7.4 5.4 ± 2.4 
18:3n-3 12.0 ± 7.3 6.5 ± 3.8 8.7 ± 5.0 6.4 ± 3.8 2.4 ± 1.4  6.8 ± 4.8 5.5 ± 3.9  13.5 ± 6.3 6.8 ± 3.1 
18:4n-3 1.3 ± 0.7 3.6 ± 2.1 1.4 ± 0.8 3.9 ± 2.3 0.3 ± 0.2  1.4 ± 1.0 3.1 ± 2.2  1.4 ± 0.6 4.3 ± 2.0 
20:1n* 0.4 ± 0.3 0.4 ± 0.2 0.2 ± 0.1 2.1 ± 1.2 15.6 ± 9.0  0.8 ± 0.6 2.6 ± 1.9  0.4 ± 0.2 1.5 ± 0.8 
20:2n-6 0.1 ± 0.1 0.5 ± 0.3 0.1 ± 0.1 1.5 ± 0.9 6.8 ± 4.0  0.2 ± 0.2 1.4 ± 1.0  0.1 ± 0.0 1.6 ± 0.7 
20:3n-6 0.1 ± 0.0 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 2.2 ± 1.3  0.1 ± 0.1 0.2 ± 0.1  0.1 ± 0.0 0.1 ± 0.1 
20:4n-6 2.6 ± 1.6 0.8 ± 0.5 2.8 ± 1.6 3.0 ± 1.7 13.3 ± 7.7  3.1 ± 2.2 3.2 ± 2.2  2.4 ± 1.1 2.9 ± 1.3 
20:3n-3 0.1 ± 0.0 0.7 ± 0.4 0.3 ± 0.2 0.9 ± 0.5 0.5 ± 0.3  0.1 ± 0.1 0.8 ± 0.6  0.0 ± 0.0 1.0 ± 0.4 
20:4n-3 0.2 ± 0.1 1.0 ± 0.6 0.3 ± 0.3 1.3 ± 0.8 0.6 ± 0.3  0.2 ± 0.2 1.3 ± 0.9  0.1 ± 0.1 1.4 ± 0.6 
20:5n-3 4.7 ± 2.8 18.5 ± 10.7 18.1 ± 10.4 12.1 ± 7.0 7.5 ± 4.4  4.2 ± 3.0 12.3 ± 8.7  5.2 ± 2.4 12.1 ± 5.4 
22:4n-6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.6 ± 0.5  0.0 ± 0.0 0.1 ± 0.1  0.0 ± 0.0 0.1 ± 0.1 
22:5n-6 0.0 ± 0.0 0.8 ± 0.5 0.0 ± 0.0 1.4 ± 0.8 0.0 ± 0.03  0.1 ± 0.1 1.6 ± 1.1  0.0 ± 0.0 1.5 ± 0.7 
22:5n-3 0.0 ± 0.0 1.0 ± 0.6 0.0 ± 0.0 0.7 ± 0.4 0.3 ± 0.2  0.1 ± 0.1 0.9 ± 0.6  0.0 ± 0.0 0.8 ± 0.3 
22:6n-3 0.2 ± 0.2 11.0 ± 6.4 0.2 ± 0.1 9.5 ± 5.5 0.2 ± 0.1  0.8 ± 0.7 10.0 ± 7.1  0.2 ± 0.1 9.3 ± 4.2 




Table 2.2   
Average (± standard error; %ww) fatty acid profiles of lake trout, round goby, and yellow perch fed invertebrate diets. 
 Lake Trout  Round Goby   Yellow Perch 
 Bloodworm Copepod Daphnia Mysis Tubifex 
 Bloodworm Mysis  Bloodworm Mysis 
n 9 9 18 9 3  10 21  21 21 
14:0 1.1 ± 0.4 1.5 ± 0.5 1.3 ± 0.3 2.5 ± 0.9 1.5 ± 1.1  2.8 ± 0.9 2.5 ± 0.6  3.3 ± 0.7 0.6 ± 0.2 
15:0 0.6 ± 0.2 0.4 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 0.4 ± 0.3  0.6 ± 0.2 0.4 ± 0.1  0.5 ± 0.1 0.6 ± 0.1 
16:0 18.4 ± 6.5 16.5 ± 5.9 21.4 ± 5.2 15.4 ± 5.4 17.8 ± 12.6  15.5 ± 5.2 12.7 ± 2.8  15.0 ± 3.4 16.5 ± 3.7 
16:1n-9 1.4 ± 0.5 0.5 ± 0.2 1.4 ± 0.3 0.7 ± 0.2 1.4 ± 1.0  1.2 ± 0.4 0.5 ± 0.1  0.9 ± 0.2 1.5 ± 0.3 
16:1n-7 2.6 ± 0.9 11.5 ± 4.2 4.8 ± 1.2 4.9 ± 1.7 2.4 ± 1.7  10.5 ± 3.6 6.9 ± 1.6  9.3 ± 2.1 3.4 ± 0.8 
17:0 1.1 ± 0.4 0.4 ± 0.2 0.7 ± 0.2 0.4 ± 0.1 0.8 ± 0.6  0.5 ± 0.2 0.2 ± 0.0  0.3 ± 0.1 0.8 ± 0.2 
17:1 0.8 ± 0.3 0.2 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.2 ± 0.1  1.6 ± 0.5 0.4 ± 0.1  0.4 ± 0.1 0.8 ± 0.2 
18:0 8.7 ± 3.1 5.3 ± 1.9 7.2 ± 1.8 2.9 ± 1.0 7.9 ± 5.6  5.3 ± 1.8 2.2 ± 0.5  1.8 ± 0.4 9.6 ± 2.1 
18:1n-9 13 ± 4.6 6.2 ± 2.3 15.6 ± 3.8 17.3 ± 6.1 10.9 ± 7.8  17.9 ± 6.0 15.7 ± 3.5  16.1 ± 3.6 12.2 ± 2.7 
18:1n-7 4.2 ± 1.5 4.7 ± 1.7 3.9 ± 0.9 4.4 ± 1.6 5.5 ± 3.9  7.5 ± 2.5 4.7 ± 1.0  3.7 ± 0.8 3.7 ± 0.8 
18:2n-6 7.6 ± 2.7 1.3 ± 0.5 1.6 ± 0.4 3.8 ± 1.4 3.5 ± 2.5  15.7 ± 5.3 4.3 ± 1.0  4.6 ± 1.0 7.9 ± 1.8 
18:3n-3 1.8 ± 0.7 3.3 ± 1.2 2.1 ± 0.5 3.4 ± 1.2 0.5 ± 0.4  5.1 ± 1.7 4.5 ± 1.0  4.3 ± 1.0 1.9 ± 0.4 
18:4n-3 0.8 ± 0.3 1.5 ± 0.6 0.6 ± 0.2 1.4 ± 0.5 0.1 ± 0.1  1.2 ± 0.4 2.8 ± 0.6  2.3 ± 0.5 0.5 ± 0.1 
20:1n* 0.5 ± 0.2 0.4 ± 0.2 0.2 ± 0.1 1.9 ± 0.7 1.3 ± 0.9  0.6 ± 0.2 1.2 ± 0.3  1.2 ± 0.3 0.7 ± 0.2 
20:2n-6 0.8 ± 0.3 0.4 ± 0.1 0.1 ± 0.0 1.3 ± 0.4 1.3 ± 0.9  0.2 ± 0.1 1.0 ± 0.2  1.0 ± 0.2 0.3 ± 0.1 
20:3n-6 2.0 ± 0.7 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.8 ± 0.6  0.2 ± 0.1 0.2 ± 0.0  0.2 ± 0.0 0.7 ± 0.2 
20:4n-6 8.8 ± 3.1 2.2 ± 0.8 5.1 ± 1.2 4.0 ± 1.4 10.8 ± 7.6  5.4 ± 1.9 4.5 ± 1.0  3.7 ± 0.8 10.2 ± 2.3 
20:3n-3 0.3 ± 0.1 0.8 ± 0.3 0.2 ± 0.0 0.8 ± 0.3 0.2 ± 0.1  0.1 ± 0.0 0.7 ± 0.2  0.8 ± 0.2 0.4 ± 0.2 
20:4n-3 1.6 ± 0.6 1.3 ± 0.5 0.8 ± 0.3 1.2 ± 0.4 0.6 ± 0.4  0.2 ± 0.1 1.1 ± 0.3  1.0 ± 0.2 1.5 ± 0.5 
20:5n-3 3.7 ± 1.3 9.4 ± 3.3 9.1 ± 2.2 7.6 ± 2.7 3.8 ± 2.7  4.2 ± 1.4 11.5 ± 2.6  8.9 ± 2.0 4.6 ± 1.0 
22:4n-6 0.4 ± 0.2 0.2 ± 0.1 0.4 ± 0.1 0.5 ± 0.2 1.3 ± 1.0  0.2 ± 0.1 0.3 ± 0.1  0.3 ± 0.1 0.1 ± 0.0 
22:5n-6 2.1 ± 0.7 0.7 ± 0.3 0.1 ± 0.0 1.3 ± 0.5 2.4 ± 1.7  0.2 ± 0.1 1.9 ± 0.4  2.0 ± 0.5 2.5 ± 0.6 
22:5n-3 1.9 ± 0.7 3.0 ± 1.1 3.6 ± 0.9 2.1 ± 0.8 2.8 ± 2.0  1.6 ± 0.6 4.2 ± 1.0  1.5 ± 0.3 1.6 ± 0.4 
22:6n-3 15.6 ± 5.5 28.2 ± 10 18.9 ± 4.6 21.2 ± 7.6 22 ± 15.6  1.7 ± 0.6 15.5 ± 3.5  16.8 ± 3.8 17.5 ± 3.9 






Diet estimates from QFASA of pseudo-predators created through randomized prey 







Fig 2.2  
Total relative mean square error (RSME; smaller is better) for QFASA trials (Y-axis) 
using different calibration coefficients (CC1, CC2; see methods) or using predator 
averages as the prey library (Mean. Pred. Groups). QFASA was conducted on 
individual lake trout, yellow perch, and round goby, and the RSME summed across 
individual estimates. “NA” is used to denote that CC1 Tubifex worms, Daphnia, and 
Copepod trials were not conducted with round goby and yellow perch as they were not 
fed those items. Figure cut off at a RSME of 2.0 for ease of comparison of smaller, more 





Fig 2.3  
Average (95% CL) estimates the diets fed to lake trout for 14 wks. from three different 
QFASA methods (top legend). Depicted is how correct the 100% diet of each individual 
predator was estimated. Not depicted is the erroneous estimates of non-consumed 
items. As such, the best method yields 100% bars across all diet categories, which is 







Fig 2.4  
Average diet composition estimates (95% CL) attained through QFASA on individual 
round goby fed two separate diet treatments for 14-16 wks. The prey library consisted of 
the average of round goby fed each item. 
 
Fig 2.5  
Average diet composition estimates (95% CL) attained through QFASA on yellow perch 
fed two separate diet treatments for 24 wks. The prey library consisted of the average of 





Fig 2.6  
Differences between defined diet compositions of pseudo-predators and the average 
diet estimates (n = 1000 per diet). Error bars represent 95% confidence intervals. 
Positive values indicate overestimation of true proportional contribution of that prey item 





Chapter 3: Fatty acids differentiate between consumed diets despite variation 
within prey species’ profiles 
Abstract 
Techniques that biochemically trace foraging habits of predators rely on the 
assumption that intra-specific variation in prey species is less than variation among 
them. At the same time, these techniques often show that diets can induce drastic 
changes in the biochemical profiles of prey species, especially across different 
ecosystems. We tested if intra-specific variation in fatty acid profiles of prey species 
added enough noise to confound quantitative fatty acid signature analysis (QFASA) 
using a controlled feeding experiment. Steelhead trout (Oncorhynchus mykiss) were fed 
either alewife (Alosa pseudoharengus) or round goby (Neogobius melanostomus) from 
either Lake Ontario or Cayuga Lake for a period of 8 weeks. Fatty acid profiles were 
significantly different between prey species and between lake of origin within each 
species. Differences in fatty acid profiles of steelhead trout reflected the differences 
seen between prey species, and to a much lessor extant the lakes prey species 
originated from. QFASA performed remarkably well given the differences noted 
between the systems prey came from. Our results indicate that QFASA models 
calibrated to one freshwater system or time-period are viable when working with similar 





Methods of constructing food webs that use chemicals mapped from prey to 
predator have become common across many taxa. Especially prevalent is the use of 
stable isotope ratios or fatty acid profiles to relate consumers to prey species. Both 
biochemical methods offer information on foraging habits over multiple meals, often 
over several weeks (Post 2002, Budge et al. 2006). Once validated, biochemical 
methods could allow ecologists to relate foraging tendencies to condition indices or 
reproductive success, providing valuable information that is difficult to attain with more 
direct observations (Sorensen et al. 2009). 
Based on data gained through controlled feeding experiments, diet compositions 
can now be estimated from either stable isotope or fatty acid data. Such models 
typically require a means of mapping consumers directly to the biochemical signatures 
of potential prey species (Iverson et al. 2004, Parnell et al. 2010, Galloway et al. 2015). 
With stable isotope ratios, fractionation appears relatively predictable across diet 
compositions for a given consumer (Post 2002, Parnell et al. 2010). In contrast, multiple 
studies have shown that how fatty acid profiles reflect a consumer’s diet is dependent 
on what that diet was composed of (Taipale et al. 2011, Rosen and Tollit 2012, Murray 
et al. 2014, Lazzarotto et al. 2015, Happel et al. 2016b). Current models that use fatty 
acids to estimate dietary components require controlled feeding trials of each consumer 
– prey relationship for increased accuracy (Galloway et al. 2014a, Happel et al. 2016a).  
As each prey species is incorporated differently into consumers, we questioned if 
variation within a prey species could alter fatty acid relationships between consumer 




within species (Budge et al. 2002, Czesny et al. 2011), it is less clear how intra-specific 
variation of fatty acid profiles is transferred to consumers (Dethier et al. 2013). If intra-
specific variation in prey species alters how fatty acids are mapped between diets and 
consumers, fatty acid based models may be system and temporally sensitive and thus a 
difficult tool to maintain up to date.  
Feeding experiments for large consumers (i.e., adult salmonids) require lengthy 
durations, in large areas, to allow for fatty acid profiles to change. If fatty acid based 
models were to be system specific, each feeding trial would likely need to be repeated 
for each system for which the model was desired to function properly. Such 
requirements may be too cumbersome to be considered a viable option for many 
species. Furthermore, feeding trials would periodically require temporal updates to 
account for the effects of ecosystem changes, which alter how fatty acids flow through 
the system. To address these concerns we conducted a feeding experiment where diets 
were composed of natural prey species captured from different lake ecosystems.  
Specifically our hypothesis was if intra-specific variation in prey species’ fatty 
acid profiles is less that between species, then fatty acid profiles of predators should 
reflect the species consumed regardless of the variation within each prey species. We 
fed steelhead trout (Oncorhynchus mykiss) diets composed of either alewife (Alosa 
pseudoharengus) or round goby (Neogobius melanostomus) collected from Lake 
Ontario and Cayuga Lake in New York. We compared the fatty acid profiles of prey 
species and steelhead trout, and ran simulations with QFASA models to test how a 





Juvenile steelhead trout were reared from gametes collected from wild caught 
adults, and fed commercial diets (Ziegler). Twenty individuals were sampled to provide 
lengths, lipid contents, and fatty acid profiles of individuals prior to feeding. Steelhead 
trout were transferred into 12 40 L aquaria (n = 25 per aquaria) that were randomly 
assigned to a feeding treatment. Aquaria were on a flow-through system supplied with 
de-chlorinated city water. Four treatments were conducted with three aquaria each, and 
included diets consisting of either alewife or round goby from either Cayuga Lake or 
Lake Ontario. Biomass was recorded every other week by weighing all fish in each 
aquarium; fish were counted at this time to provide estimates of individual weights. 
Estimated individual weights from each aquarium were used to calculate growth rates. 
Mortality was estimated by comparing the number of individuals remaining after eight 
weeks to the starting number in each aquarium (n = 25). Growth and mortality 
differences among diet treatments were assessed using one-way ANOVAs with aquaria 
as the replicates (Type I Sum of squares; SAS 9.3, Cary NC, USA).  
Alewife and round goby were caught using various sampling gears, but primarily 
using seines and trap nets. Collections from Cayuga Lake were primarily conducted by 
a team led by J. Kraus at The College at Brockport using seines. Prey fish from Lake 
Ontario were sampled during annual surveys conducted by the United States 
Geological Survey – Lake Ontario Biological Station (USGS-LOBS) aboard the R/V 
Kaho. Fish were frozen and stored at -20°C until diets were created. Diets were made 
by homogenizing prey into a paste, pelletizing the paste using a Kitchen-Aid, and then 
drying pellets at 80°C for 48 h. After drying, diets were sieved (425 µm) to a size that 




% of the biomass in each aquarium daily, split into two feeding periods, for a period of 
eight weeks, and was updated to account for growth every two weeks.  
Fish were euthanized after eight weeks with a lethal dose of MS-222, individual 
lengths were recorded, and fish were stored individually at -80°C until fatty acid 
analysis. Length differences among diet treatments at the end of the experiment were 
tested using a nested ANOVA with aquaria nested in diets, and individuals as 
subsamples within the aquaria (SAS 9.3, Cary NC, USA). 
Individual whole fish were homogenized and lipids extracted according to Folch 
et al. (1957), a method shown to work well with wet fish tissues (Iverson et al. 2001). 
Lipid content was determined gravimetrically as a proportion of wet sample weight. 
Fatty acid methyl esters (FAME) were prepared according to Metcalfe and Schmitz 
(1961), separated by gas chromatography/mass spectrometry (Agilent 7890A GC and 
5975C inert XL EI/CI MSD, Agilent Technologies, Inc., Santa Clara, California, USA), 
and quantified as described by (Happel et al. 2017). Fatty acids were expressed as 
relative percentages of the total fatty acids detected. 
Fatty acid profiles, converted to Euclidean distances, were analyzed using 
routines within PRIMER-E software (v7, Plymouth U.K.). Specifically, we tested for 
differences among fatty acid profiles of the diets using canonical analysis of principle 
coordinates (CAP: Anderson and Willis 2003). CAP is a non-parametric version of linear 
discriminant analysis and was chosen as a means of testing between diets because we 
collected few samples from each. As we sampled more steelhead trout, we used 
analysis of similarities (ANOSIM) to assess how similar fatty acid profiles of consumer 




(alewife or round goby) would be highly similar regardless of the lake in which prey were 
caught. SIMPER (Similarity Percentages) analysis was used to assess which fatty acids 
contributed the most to differences between steelhead fed either species. Data were 
visualized using non-metric multidimensional scaling (nMDS). 
To evaluate modifications of fatty acids in predators, calibration coefficients (CC) 
were calculated from predator and prey profiles following Iverson et al. (2004):  
CC =  𝑃𝑟𝑒𝑑𝑎𝑡𝑜𝑟 𝑃𝑟𝑒𝑦⁄  
CCs were calculated by the division of each fatty acid in a predator by the respective 
fatty acid in each of the samples of the respective prey. Thus, each individual predator 
has a mean CC and standard deviation for each fatty acid. Calculation of CCs was 
limited to using non-zero data. Each individual steelhead trout was used as an 
observation for analyzing diet-specific differences in CCs using ANOVAs, followed by 
Tukey-Kramer tests to separate means when significant. 
QFASA was conducted using SAS proc IML call NLPQN (SAS 9.3., Cary NC, 
USA), as described in (Happel et al. 2016a). We were interested in if a model could be 
established using consumers from one lake and prey from another lake. To avoid noise 
added by traditional QFASA models, which incorporate CCs, we worked solely with the 
fatty acid profiles of consumers.  
The “prey library” consisted of the mean fatty acid profiles of steelhead trout fed 
alewife or round goby from Lake Ontario. We then selected at random a fatty acid 
profile of a steelhead trout fed alewife and one steelhead trout fed round goby from 




Mixtures included 90:10, 75:25, and 50:50 of each prey species making five predefined 
diet compositions. Pseudo-predators (n = 300) were generated through re-sampling with 
replacement from the Cayuga Lake steelhead trout treatments for each of the five 
predefined diets. We found that increasing beyond 300 simulated predators did not 
change estimates and only narrowed standard error estimates for this particular dataset. 
QFASA was conducted using each of these 1,500 pseudo-predators, 300 per diet 
mixture, with a “prey library” consisting of the means of steelhead trout fed prey from 
Lake Ontario. The results were then used to generate means and confidence intervals 
for each of the five different diet mixture categories. This entire modeling procedure was 
then repeated but with the lakes reversed so that the pseudo-predators were generated 
from steelhead trout fed prey from Lake Ontario and the “prey library” consisted of the 
mean fatty acid profiles of steelhead trout fed prey from Cayuga Lake. Results were 
plotted as means and confidence intervals. 
Results 
At the start of the experiment steelhead trout were 40.25 ± 1.92 mm long (mean 
± SD; n = 20). After eight weeks, lengths were significantly different between diets (F3,56 
= 4.39 P = 0.008). There were no differences between lengths of individuals among 
tanks within treatments (F8,56 = 2.05 P = 0.056). Lengths of steelhead trout fed Cayuga 
round goby (54.75 ± 9.13 mm; n = 16) were smaller than those fed Ontario round goby 
(62.33 ± 4.60 mm; n = 18). There were no significant differences in any comparison 
involving steelhead trout fed Cayuga alewife (60.83 ± 7.64 mm; n = 16) nor those fed 
Ontario alewife (59.50 ± 4.84 mm; n = 18). Similarly, significant differences in lipid 
contents existed among diet treatments after 8 weeks of feeding (F3,56 = 7.91 P < 0.001) 




0.53). Steelhead trout fed Cayuga round goby contained lower concentrations of lipids 
(96.50 ± 60.29 mg) than those fed Ontario and Cayuga alewife (183.68 ± 54.41 mg; and 
185.87 ± 75.25 mg respectively). Steelhead trout fed Ontario round goby had lipid 
concentrations that were not significantly different from other treatments (138.61 ± 
44.34 mg). 
Total biomass in each aquarium was used to estimate individual weights and 
mortality throughout, thus aquaria (n = 9) were the replicates for the following analyses. 
Estimated individual weight of steelhead trout at the start of the experiment was 0.71 ± 
0.02 g. Growth rates were similar (F3,8 = 0.90 P = 0.48) across all diets. Steelhead trout 
tripled in weight over the course of eight weeks (mean end weight 2.12 ± 0.29 g; mean 
change in growth = 199.07 ± 42.10%). Significant differences in mortality rates existed 
among the diet treatments (F3,8 = 7.91 P = 0.009). Mean mortality was 64.3%, although 
it was significantly lower among steelhead trout fed round goby from Lake Ontario (36.0 
± 20.78%) compared to other treatments. Mortality in all other tanks was ≥ 64%, and did 
not appear to correspond to prey species other than that noted for those fed Ontario 
round goby. Mortality increased dramatically between weeks six and eight reducing 
numbers in most tanks by half and to avoid further losses we stopped the experiment 
after week eight. 
As diets consisted of homogenates of many individual prey items, variation in 
fatty acid profiles within powdered diets was negligible (Fig. 3.1). Round goby had 
higher proportions of 16:1n-7, 18:1n-7, 20:5n-3 (eicosapentaenoic acid, EPA), and 
generally all fatty acids with 22 carbons (Table 3.1). Alewife had relatively higher 




each lake were significantly different from each other (CAP; Trace statistic: 1.98, P < 
0.001, perm: 999). No prey item was classified as another from either lake, and as such 
appear highly distinct in Fig. 3.1. Samples of round goby were more similar to each 
other than alewife, as evidence by relative closeness in their placements in Fig. 3.1. As 
such, we hypothesized those fatty acid profiles of steelhead trout that were fed alewife 
would reflect greater differences between lakes (larger R-values) than those fed round 
goby. 
Initial steelhead trout fatty acid profiles represented a larger diversity in profiles 
than within any single diet treatment group (Fig. 3.2). One sample was lost during fatty 
acid processing yielding a total of 19 fatty acid profiles for the initial group. Variability 
among initial steelhead trout samples was primarily due to a large range (13.4 – 29.9%) 
in 22:6n-3 (docosahexaenoic acid, DHA) proportions. Compared to these initial profiles, 
steelhead trout lost proportions of DHA and monoenes with 20 and 22 carbons to large 
degrees over the course of the eight-week feeding experiment.  
After eight weeks of feeding, fatty acid profiles of steelhead trout reflected those 
of diets to a high degree (Fig. 3.2). Fatty acid profiles of steelhead trout from each diet 
treatment were distinct after eight weeks of feeding (ANOSIM). As predicted, profiles 
from steelhead feed alewife were less similar to each other (R: 0.999 P < 0.001) than 
those fed round goby (R: 0.654 P < 0.001). All cross species comparisons (i.e. 
steelhead fed round goby from Ontario compared to those fed alewife from Cayuga) 
returned ANOSIM R values of 1 indicating a high-level dissimilarity. Differences 
between steelhead fed alewife and round goby were primarily due to 16:1n-7, 18:1n-9, 




from translated to larger differences among fatty acid profiles of steelhead fed alewife, 
we hypothesized that QFASA would have higher errors when alewife were larger 
proportions of pseudo-predator’s makeup. 
CCs used to directly compare fatty acids in consumers to those in prey further 
indicated that variation within a prey species is less than between them (Table 3.3). Out 
of 31 fatty acids, significant differences existed between lakes for 10 alewife CCs and 
12 round goby CCs. Conversely, only two were statistically similar across all diets. 
In general, QFASA estimated diets to a high degree of accuracy and 95% 
confidence intervals nearly always included known diet percentages (Fig. 3.3). 
Estimated diet compositions were more correct when pseudo-predators had defined 
diets that were more even in composition. As percentages of alewife in pseudo-
predators increased, estimates were consistently lower than the known composition. 
Conversely, when alewife were only 10% of pseudo-predator, estimates were 
consistently overestimated by 2 – 6%.  
Differences between which lake was used to generate pseudo-predators were 
negligible (Fig. 3.3). The only difference between lakes that was evident was the ability 
to estimate alewife as 25% of the pseudo-predator’s diet. When steelhead trout that 
were fed Cayuga prey were used to generate pseudo-predators with 25% alewife 
composition, alewife were estimated to be 26.2 ± 3.0% (95% confidence interval) of the 
diet (Fig. 3.3a), compared to 28.4 ± 3.2% when those fed prey from Lake Ontario were 
used to generate pseudo-predators (Fig. 3.3b). Thus, when steelhead trout that were 
fed prey from Lake Ontario were used as the prey library, estimations were slightly more 




intervals did not encompass the correct percentage that contributed to the pseudo-
predators, the average estimate was within 10% of the true value. 
Discussion 
Despite clear differences between the lakes, that prey species were captured in, 
fatty acid profiles of consumers overwhelmingly reflected differences between the 
species. As such, variation within prey species does not have a large effect when 
compared to the effect caused by variation among prey species. As far as we are 
aware, our data is the first to confirm that fatty acid profiles of vertebrate consumers 
reflect differences among dietary species to a larger degree than the variation within a 
prey species. For the use of fatty acids in freshwater ecology, this means that tracers 
and models generated in one system would still function in another system. Specifically, 
if a consumer species, say steelhead trout, were fed prey items from Lake Michigan to 
produce fatty acid profiles that correspond to alewife consumption, these data could 
then be used to decipher diets of wild steelhead in Lake Ontario as well. 
QFASA was generally able to estimate pseudo-predator compositions with a high 
level of accuracy regardless of variation within the prey species. Although we calculated 
and presented calibration coefficients (CCs), our modeling routines avoided the use of 
CCs. Other studies have shown CCs to vary by each predator-prey interaction (Rosen 
and Tollit 2012, Happel et al. 2016b). Current practice is to use predators fed known 
diets as a library from which other samples can be compared against (Galloway et al. 
2015, Happel et al. 2016a). In keeping with this, we ran QFASA simulations using only 
fatty acid profiles from the steelhead trout used in our experiments. Even so, we note 




in estimating diets with skewed compositions has been shown in other studies, 
particularly with estimating prey contributing minimal amounts to diet (Neubauer and 
Jensen 2015, Happel et al. 2016a). This suggests that QFASA models are most 
beneficial for consumers that do not have heavily skewed diet compositions. 
The large amount of variation in fatty acid profiles of the initial steelhead trout 
reflects maternal origins. Maternal influence on the lipid composition of eggs has been 
documented to reflect dietary shifts to a relatively large degree (Cahu et al. 1995, 
Fernández-Palacios et al. 1995, Bell et al. 1997). Differences in maternal dietary fatty 
acid profiles have elicited differential survival and antipredator responses in offspring 
(Fuiman and Ojanguren 2011, Fuiman and Perez 2015). This would indicate that for 
steelhead trout, maternal provisions can alter progeny survival through changes in fatty 
acid allocations. 
Large variations within a prey species led to large errors in a similar modeling 
exercise conducted with marine algae (Dethier et al. 2013). Differences between alewife 
and round goby in our study were not as large as those seen within Lake Michigan 
(Czesny et al. 2011). Our alewife samples had about a third of the DHA as those 
reported in Czesny et al. (2011). However, when classified as one of our diet treatments 
using our CAP axes, the average alewife profile reported in Czesny et al. (2011) was 
more similar to the Ontario alewife profiles than others (Supplement 3.1). Similarly, the 
average round goby fatty acid profile from Lake Michigan was highly similar to our 
Cayuga round goby profile (Supplement 3.1). This analysis provides further evidence 
that within species variation in fatty acid profiles does not provide enough noise to 




Our results add to the evidence that fish preferentially retain DHA from diets. As an 
important component of cell membranes, especially in neural cells, the retention of DHA 
in our data is likely augmented by the analysis of whole body tissues. Both brain and 
liver tissues samples are known to contain relatively large reserves of DHA, and thus 
their inclusion increased the apparent retention of this fatty acid in our data. 
Furthermore, lower percentages of 18:3n-3, 18:4n-3, and EPA in consumers than 
offered in diets suggests conversion of these fatty acids to DHA occurred. Other feeding 
studies have shown a high capacity for interconversion of fatty acids from diets into 
DHA in freshwater fish species (Murray et al. 2014, Lazzarotto et al. 2015, Happel et al. 
2016b). Selectively retained fatty acids are also selectively accumulated when offered in 
diets, thus varying concentrations of these fatty acids in consumers still offer dietary 
insights (Taipale et al. 2011, Koussoroplis et al. 2013, Strandberg et al. 2015). 
Heterogeneity in fatty acid profiles within a prey species is attenuated by species-
specific rates of fatty acid modifications, which cause each species’ profile to be unique. 
We show that this passes along fatty acid profiles to consumer species that are specific 
for each prey species. Such a result also indicates that variability associated with fatty 
acid profiles decreases with each trophic level. Because variability of the trophic level 
below is integrated into a consumer, fatty acid profiles of species at a given trophic level 
are more similar to each other than when comparing between two species a trophic 
level below. As such, a top predator that eats two tertiary consumers ingests two 
relatively similar fatty acid profiles compared to a species consuming two different 
primary producer species. For example, it would be more difficult to tease apart the 




algal types a zooplankter consumed. Within our own studies with lake trout we illustrate 
this by comparing a DHA range of 12.5% in lake trout that were fed invertebrates to a 
range of 3.9% in adults caught in L. Ontario and 4.25% in the data presented herein 
(Happel et al. 2016b, Happel et al. In Press). From this we predict that minor fatty acids 
and minute differences among fatty acid profiles are likely biologically relevant in fish 
foraging at the top of food chain. 
In conclusion, we provide evidence that feeding experiments conducted using 
natural prey can be spatially and temporally extrapolated for use in other freshwater 
systems. However, we remain cautious of how ontogeny may affect the consumer, and 
the use of juveniles in our experiment may not translate to reproductively mature adults. 
A more robust means of calibrating a QFASA model intended to estimate the diet 
compositions of wild adult salmonids would incorporate data from adults fed known 
potential prey. Our data herein supports the idea that such feeding trials would produce 
valuable fatty acid profiles to which wild fish (of the same species) could be directly 




Tables, Figures, and Supplement 
Table 3.1 
Mean fatty acid profiles of steelhead trout prior to feeding (Initial), after 8 weeks of 
feeding, and of the diets they were fed. Diet included either alewife or round goby from 
either Lake Cayuga or Lake Ontario.  
 Initial  Alewife  Round goby 
   Cayuga  Ontario  Cayuga  Ontario 
 Trout  Diet Trout  Diet Trout  Diet Trout  Diet Trout 
n 19  3 18  3 16  3 16  3 17 
12:0 0.02  0.13 0.06  0.13 0.06  0.07 0.04  0.06 0.03 
14:0 1.88  4.91 3.51  5.29 3.75  2.21 1.98  2.62 2.18 
15:0 0.27  0.68 0.57  0.65 0.59  0.63 0.57  0.54 0.49 
16:0 18.21  16.34 14.74  17.59 15.69  15.00 15.19  14.71 14.79 
16:1n-9 0.51  1.29 1.17  1.11 1.02  0.81 0.73  0.51 0.55 
16:1n-7 3.74  5.12 4.72  3.90 3.69  9.41 7.94  10.95 9.20 
17:0 0.07  0.17 0.09  0.31 0.16  0.42 0.10  0.54 0.24 
17:1n-9 0.14  0.96 0.75  0.71 0.51  1.02 0.76  0.75 0.59 
18:0 7.47  4.30 4.16  3.89 4.18  5.24 5.66  3.91 4.54 
18:1n-9  17.07  23.83 22.60  20.46 19.98  14.01 14.97  13.60 13.84 
18:1n-7 3.50  3.04 3.38  3.66 3.86  5.08 5.27  6.00 5.94 
18:2n-6 4.30  4.15 4.19  4.93 4.98  3.31 3.39  3.53 3.50 
18:3n-3 0.50  5.54 4.81  4.90 4.25  2.65 2.14  3.46 2.94 
18:4n-3 0.53  2.29 1.70  2.23 1.67  1.44 1.09  2.32 1.81 
20:0 0.15  0.52 0.32  0.39 0.31  0.24 0.26  0.20 0.21 
20:1* 4.30  2.98 2.72  2.46 2.56  2.27 2.42  3.39 2.58 
20:2n-9 0.27  0.73 0.55  0.34 0.34  0.20 0.14  0.37 0.27 
20:2n-6 0.38  0.15 0.26  0.91 1.01  0.40 0.39  0.54 0.37 
20:3n-6 0.23  0.33 0.44  0.33 0.41  0.24 0.27  0.22 0.15 
20:4n-6 2.26  3.62 3.86  4.09 4.05  5.77 5.07  4.25 4.17 
20:3n-3 0.12  0.42 0.67  1.11 1.17  0.26 0.32  0.35 0.39 
20:4n-3 0.47  1.61 2.22  2.14 2.41  0.41 0.78  0.55 1.12 
20:5n-3 5.50  6.92 4.67  7.19 4.85  8.76 5.30  8.40 5.71 
22:1n-11 2.08  0.20 0.50  0.07 0.51  0.17 0.36  0.17 0.41 
22:1n-9 0.19  0.41 0.13  0.43 0.19  0.18 0.37  0.29 0.40 
21:5n-3 0.19  0.24 0.28  0.22 0.21  0.27 0.27  0.39 0.34 
22:4n-3 0.00  0.02 0.07  0.01 0.08  0.36 0.17  0.49 0.25 
22:4n-6 0.24  0.31 0.50  0.34 0.51  1.14 0.91  0.77 0.68 
22:5n-6 0.34  1.33 1.57  1.24 1.14  3.20 2.96  2.53 2.42 
22:5n-3 1.55  2.23 2.30  2.13 2.31  5.08 3.43  4.14 3.17 
22:6n-3 23.51  5.20 12.48  6.82 13.55  9.76 16.75  9.46 16.70 





SIMPER analysis of steelhead trout fatty acid (F.A.) profiles. Steelhead trout were fed 
either alewife (ALE) or round goby (ROG) for 8 weeks. 
 ALE ROG            
F.A. Mean Mean Contrib.% 
18:1n-9 21.40 14.40 46.51 
16:1n-7 4.23 8.59 17.91 
22:6n-3 13.00 16.70 14.51 
18:3n-3 4.55 2.55 3.87 
18:1n-7 3.61 5.62 3.86 
14:0 3.62 2.09 2.19 







Mean calibration coefficients calculated by comparing fatty acids in steelhead trout to 
those in the prey they were fed. “<” Indicate P-values that are < 0.001. Letters are used 
to denote statistically similar CCs among groups for each fatty acid. 
  Alewife  Round Goby    
Fatty Acid  Ontario  Cayuga  Ontario  Cayuga  F-value P 
12:0  0.46c  0.49bc  0.55a  0.52ab  8.9 < 
14:0   0.71c  0.71c  0.83b  0.9a  63.64 < 
15:0   0.9a  0.84b  0.91a  0.9a  11.02 < 
16:0  0.89b  0.9b  1.01a  1.01a  100.12 < 
16:1n-9  0.92b  0.9b  1.08a  0.9b  32.44 < 
16:1n-7  0.95a  0.92a  0.84b  0.84b  29.18 < 
17:0  1.08a  0.51ab  0.44ab  0.31b  3.13 0.0317 
17:1n-9  0.72  0.78  0.78  0.75  0.3 0.8268 
18:0  1.07b  0.97c  1.16a  1.08b  48.05 < 
18:1n-9   0.98c  0.95c  1.02b  1.07a  25.71 < 
18:1n-7  1.05b  1.11a  0.99c  1.04b  24.85 < 
18:2n-6  1.01  1.01  0.99  1.03  0.36 0.784 
18:3n-3  0.87a  0.87a  0.85a  0.81b  7.46 0.0002 
18:4n-3  0.75ab  0.74b  0.78a  0.75ab  3.55 0.0193 
20:0  0.79  0.61  1.1  1.09  2.86 0.0437 
20:1*  1.04ab  0.91b  0.77c  1.07a  15.41 < 
20:2n-9  0.99ab  0.75b  1.52a  0.75b  5.59 0.0018 
20:2n-6  1.12b  5.5a  0.69b  0.98b  12.6 < 
20:3n-6  1.24a  1.36a  0.67b  1.16a  10.24 < 
20:4n-6  0.99b  1.07a  0.98b  0.88c  29.92 < 
20:3n-3  1.05b  1.58a  1.12b  1.23b  14.59 < 
20:4n-3  1.13b  1.38b  2.05a  1.89a  28.87 < 
20:5n-3  0.67a  0.67a  0.68a  0.61b  12.7 < 
22:1n-11  122.95a  7.31b  2.51b  2.12b  69.97 < 
22:1n-9  0.45bc  0.32c  1.4ab  2.1a  9.49 < 
21:5n-3  0.97ab  1.2a  0.88b  1ab  4.81 0.0044 
22:4n-3  9.26a  3.68ab  0.52b  0.47b  7.17 0.0003 
22:4n-6  1.49a  1.63b  0.88c  0.8c  240.05 < 
22:5n-6  0.93b  1.18a  0.96b  0.93b  8.06 < 
22:5n-3  1.09a  1.03a  0.77b  0.67c  119.91 < 
22:6n-3  1.99b  2.4a  1.77c  1.72c  141.4 < 







Canonical analysis of principal coordinates of alewife and round goby fatty acid profiles 
from lakes Cayuga and Ontario. Each point represents a fatty acid profile from 1.0 g 







Non-metric multidimensional scaling of fatty acid profiles from steelhead trout prior to 
exogenous feeding (Initial), after 8 weeks of being fed treatment diets (solid symbols), 







Estimated diet compositions of pseudo-predators generated through random resampling 
of steelhead fed either alewife (solid lines) or round goby (dashed lines) from Cayuga 
Lake (a.) or Lake Ontario (b.). Data are separated to correspond to the lake system 
from which data was used to generate pseudo-predators; data from the other lake 
system was used as the prey library. Means represented by the thick black bars, while 
90, 95, and 99% confidence intervals are represented by the boxes decreasing in size 
respectively. Asterisks (*) denote 95% confidence intervals for estimated diet 





The CAP routine allows the inclusion of “unknown” samples in its classification scheme. 
As such, a training set can be used to generate classification rules and tested on 
another set. We used this approach to test if the 4-year averaged fatty acid profiles from 
the Illinois management unit reported in Czesny et al. (2011) were similar to the profiles 
reported in our study. We used only the fatty acids reported in Czesny et al. (2011) and 
thus re-standardized our data to equal 100% after exclusion of fatty acids 20:0, 20:2n-9, 
22:1n-11, 21:5n-3, and 22:4n-3. CAP was conducted on the diet samples, and profiles 
of alewife and round goby from Lake Michigan were included as unknowns. Below is the 
output. 
New sample classification 
Sample  Group 
Alewife  ALE_LO 
Round Goby RG_CL 
 
Distances to centroids  
Sample    ALE_CL  RG_CL  ALE_LO    RG_LO 
Alewife   1.8207 1.2952  1.0877   1.5778 





Chapter 4: An empirical test of quantifying the diets of fish with fatty acid-based 
models. 
Abstract 
Diet composition data provide insights into how food webs respond to 
disturbances through changes in how energy flows through communities. Biochemical 
methods have recently gained popularity as a means to quantify what has been 
consumed over multiple meals. Due to the perceived power of including many variables, 
models tracing predator prey relationships with fatty acid profiles have recently garnered 
much interest. Currently, a mixing model operating in a Bayesian framework (FASTAR) 
and a model that reduces statistical distances between predator and prey fatty acid 
profiles (QFASA) have been established. Herein we evaluate estimates provided by 
both models, using a novel controlled feeding experiment. Juvenile lake trout 
(Salvelinus namaycush) were fed diets that were composed of various mixtures of 
freeze-dried bloodworm, Daphnia spp., and shrimp for a period of 12 weeks. Diets 
included each prey in isolation, 50:50 mixtures of each pair of prey, and a diet 
composed of an even mixture of all three based on dry weights. Fatty acids of lake trout 
fed prey items in isolation were used to represent prey resources, and each model was 
then challenged to estimate components of the mixed diets. In general, fatty acid 
profiles of lake trout fed mixed diets reflected known mixtures but to a lesser degree 
than expected. Our results illustrate how fatty acids may be used to estimate diet 





Biochemical methods of describing diets have become commonplace in 
ecological studies. Of particular interest is the use of fatty acid profiles to decipher 
foraging habits of wild individuals. Fatty acids make up a large portion of lipid fractions 
in animal tissues (Tocher and Glencross 2015), and variability within a particular 
vertebrate species is largely due to differences in diet compositions (Kirsch et al. 1998, 
Iverson et al. 2004, Budge et al. 2006, Elsdon 2010). Controlled feeding studies have 
indicated that fatty acid profiles reflect dietary compositions over the previous two to 
three months (Kirsch et al. 1998, Elsdon 2010, Happel et al. 2016b). As such, fatty acid 
profiles have been used to offer trophic insights for a wide variety of species through 
comparisons with stomach contents (Pethybridge et al. 2011, Rohner et al. 2013, 
Happel et al. 2015a, Happel et al. 2015b) or through comparison with known prey fatty 
acid profiles (Dalsgaard et al. 2003, McMeans et al. 2012, Galloway et al. 2014b, 
Mourente et al. 2015, Parrish et al. 2015, Strandberg et al. 2015, Happel et al. 2017). 
Recently, models have been developed to explore the potential of quantifying 
diet compositions using fatty acid profiles (Iverson et al. 2004, Galloway et al. 2014a, 
Neubauer and Jensen 2015). These models function by comparing a computer-
generated mixture of fatty acid profiles to the profile observed in a consumer. However, 
endogenous processes prevent the exact matching of consumer and dietary fatty acid 
profiles. Such processes were originally assumed to be species specific, however 
recent studies have found different assimilation patterns for each consumer-diet 
relationship (Rosen and Tollit 2012, Happel et al. 2016b). Through feeding experiments, 
“dietary end-points” can be created which reflect the fatty acid profile of the consumer 




Current theory is that wild individuals could then be compared to these dietary end-
points using quantitative models to estimate the composition of items they have 
consumed over the months prior to capture. 
We set out to empirically test this idea through a feeding experiment using 
natural prey species. Our hypothesis was if fatty acid profiles reflect dietary origins, then 
computer-based models could be used to predict components of a known diet fed to 
fishes. As part of this, we were interested in which published model performed better at 
estimating known diet mixtures. Quantitative fatty acid signature analysis (QFASA, 
Iverson et al. 2004) relies on an optimization routine, whereas fatty acid source tracing 
analysis in R (FASTAR,Galloway et al. 2015) operates in a Bayesian framework. 
Juvenile lake trout (Salvelinus namaycush) were chosen as a model species due to an 
interest in assessing diet compositions of naturally produced young of year (Hanson et 
al. 2013, Stein 2015, Ladago et al. 2016), and to compare to previous work toward this 
goal (Happel et al. 2016b). 
Methods 
Experimental setup 
Freeze dried bloodworms (Chironomidae Chironomus spp.), Daphnia spp., and 
shrimps (grass shrimp; Palaemonetes spp.) were purchased in bulk from JEHM Co. Inc. 
(JEHM Co. Inc., Lambertville, NJ). Diet treatments consisted of 100% of either species, 
50:50 mixtures of each pair of species, and an even mix of all 3 species. Each prey 
species was ground to a powder (Hamilton Beach Fresh Grind™ Coffee Grinder 80335, 
Hamilton Beach, Southern Pines, NC), and mixed together based on dry weights. 




CT) before being oven dried overnight at 80 oC. Dried diets were separated into < 425, 
425, and 600 µm fractions by sieving. Separated fractions of each diet were stored 
frozen until being administered as food. In addition, a subsample of each diet was 
stored at -80 oC for fatty acid analysis. Throughout, we refer to the mixed diets using 
abbreviations consisting of the first letter of the species included in the diet, i.e., BSD 
includes a 33:33:33 mix of bloodworm, shrimp, and Daphnia. 
Lake trout gametes were collected from sexually mature females and males from 
Lake Michigan by employees of the Illinois Natural History Survey - Lake Michigan 
Biological Station (INHS-LMBS) in October 2014 near Waukegan, Illinois. Unfertilized 
eggs and milt were transported on ice to the INHS-LMBS. Milt were analyzed for sperm 
motility and sperm with a motility of 80% or higher were pooled and used to fertilize 
eggs. Fertilized eggs were then transported to The College at Brockport - State 
University of New York and incubated in hatching trays kept at 8 oC using a coil water 
chiller (Frigid Units, Inc., Toledo, OH). Upon hatching, alevins were transferred to 40 L 
aquaria marked with each specific female to track survival. Maternal lines with no signs 
of early mortality syndrome were combined and moved to a 350 L circular tank upon 
yolk absorption. Post yolk absorption, alevins were fed for 12 weeks with a commercial 
diet (Zeigler Finfish Starter Diet Meal [<0.6 mm], Zeigler Bros. Inc., Gardners, PA) to 
aide in growth and survival. After 12 weeks of feeding on a control diet, juveniles were 
transferred randomly into a flow through system of 21 40 L aquaria supplied with 
dechlorinated (Siemens Water Technologies, Warrendale, PA) municipal water at a rate 
of 1.26 L min-1 and an airstone. Lake trout (n = 65 per tank) were fed diets at a rate of 




weekly by counting the number of individuals in each tank and weighing them as a 
group in a small container of water. Three fish from each tank (9 per diet) were 
euthanized using an overdose of MS-222 after 8 and again after 12 weeks of being 
feeding treatment diets. Each individual fish collected was measured, weighed, and 
stored individually at -80 oC for fatty acid analysis. 
Lab analysis 
Lipids were extracted from 1.0 g sub samples of diets or homogenated whole fish 
tissues with chloroform/methanol (2:1, v/v) containing 0.01% butylated hydroxytoluene 
as an antioxidant (Folch et al. 1957), a method that performs well on wet fish tissues 
(Iverson et al. 2001). Lipid content was determined gravimetrically as a proportion of 
wet sample weight. Fatty acid methyl esters (FAME) were prepared according to 
Metcalfe and Schmitz (1961), separated by gas chromatography/mass spectrometry 
(Agilent 7890A GC and 5975C inert XL EI/CI MSD, Agilent Technologies, Inc., Santa 
Clara, California, USA), and quantified as described by (Happel et al. 2017). Fatty acids 
were expressed as relative percentages of the total fatty acids detected. 
Data analysis  
We present data on fish length, mass, and whole body lipid content (% wet 
mass) as line graphs depicting means and one standard deviation for each diet 
treatment. To assess changes in lengths weights, and lipid contents, ANOVAs were 
conducted separately for the 8 and 12-week data (SAS 9.3, Cary NC, USA). For each 
time period, data from prior to the experiment was include as a reference, increases 
from these values were considered to indicate growth of the individuals in the diet 




data, and a Bonferroni correction used for simultaneous comparisons. Aquariums were 
used as random variables in significance testing. For reporting, individuals instead of 
aquaria were used as the statistical units for calculating standard deviations, as we are 
interested in the diets of individual fishes in later modelling using fatty acids.  
Our first goal was to make sure 12 weeks was enough time for each diet 
treatment to be distinct from one another. For this, canonical analysis of principal 
coordinates (CAP), a nonparametric classification routine similar to linear discriminate 
analysis, was used on Bray-Curtis similarities of the fatty acid profiles (Anderson and 
Willis 2003). The CAP routine includes a leave-one-out classification, which can indicate 
any overlap among the individual fatty acid profiles from the treatment groups. We 
compared results of CAP and unconstrained ordinations (non-metric multidimensional 
scaling; nMDS) between weeks 8 and 12 to assess temporal changes. A large increase 
in the accuracy of classifications would indicate a large shift in the fatty acid profiles of 
fish in the treatment groups between week 8 and week 12. Relatively similar results 
between the two sampling periods would indicate that there was very little change in 
fatty acid compositions between week 8 and week 12 and that 12 weeks was enough 
time for the fatty acids in the fish to reflect those in the diets. 
Our second step was to use QFASA and FASTAR models to estimate the known 
diets. For each model, the fatty acid profiles of fish fed mixed diets were estimated as 
mixtures of the profiles of the fish fed the 100% diets. In other words, the fatty acid 
profiles of the fish fed the 100% diets acted as prey resources (or dietary end-points), 
avoiding uncertainty in calibration coefficients used to estimate patterns of fatty acid 




single fatty acid profile from each 100% treatment group 1000 separate times. This 
gave a mean estimate of dietary composition for each individual fish, incorporating the 
variation among the fatty acid profiles from the 100% treatment fish. Settings for the 
FASTAR model included 5 chains of length 100,000 with a burn-in of 50,000; medians 
were used as the estimated compositions. QFASA was conducted in SAS using Proc 
IML (as established in: Happel et al. 2016a) and FASTAR was conducted using 
published R code (FASTAR v.4.1, using mixsir: http://conserver.iugo-
cafe.org/user/gway).  
Our SAS code was tested against QFASA R coding supplied by Bromaghin 
(2015) using mean signatures of the 100% treatment groups for the prey group, and 
returned estimates for bloodworm, Daphnia, and shrimp components of each 
individual’s diet that were highly correlated (r2 = 1.0, 0.98, and 0.94 respectively) 
between coding programs. Note that this coding program crosscheck did not include the 
bootstrapping of the 100% treatment group. Furthermore, our QFASA model optimized 
by minimizing Kulback-Liebler distances as this was found to perform better than other 
measures suggested (Bromaghin et al. 2015a, Stewart 2016).  
Estimated diet compositions were attained for each individual predator and total 
relative mean square errors (RMSE) calculated through comparison to known diets 
RMSE=[(estimate-true)/true]2. For each model, a total RSME was recorded through 
summation across all individual predator estimates. For comparisons, this approach 
was used on three separate datasets: 1.) diet items only (Table 4.1), 2.) Lake trout fed 
for 8 weeks, and 3.) Lake trout fed for 12 weeks (Table 4.2). As a companion 




similarities between estimated and observed diet compositions. Included in the 12-week 
dataset were seven pseudo-predators, calculated using the average profiles from the 
100% diet treatments. Defined diets for these mixtures matched treatments (50:50 
mixes and a 33:33:33 mix) plus three defined diet compositions that were uneven mixes 
(Table 4.3). These pseudo-predators were used to assess the accuracy of the base 
models rather than relying solely on the fatty acid profiles produced from fish fed mixed 
diets during the feeding experiment. 
Results 
After 8 weeks of feeding on experimental diets, lake trout gained at least 4.0 mm 
(BD treatment) and up to 10.7 mm (BS treatment), except for those fed the Daphnia diet 
which did not gain length (P value = 0.29). Similarly, lake trout gain at least 0.15 g (BD 
treatment and up to 0.44 g (BS treatment), except those fed the Daphnia diet (P value = 
0.25). At week 8, lake trout were generally lower in lipid content than prior to starting the 
experiment. Specifically, lake trout were between 0.84 (Daphnia treatment) and 1.12% 
(shrimp treatment) lower in lipid content, except those fed the bloodworm and BD diets 
(P values 0.01 and 0.08 respectively) which were not different from the start of the 
experiment. 
Morphometric data from week 12 generally mirrored the results from week 8. 
Lake trout from each treatment had gained at least 10 mm in length (P values < 0.001) 
and 0.6 g in mass (P values < 0.001), except for those fed Daphnia (P values 0.01 and 
0.03 respectively; Fig. 4.1). Those fed BS and shrimp diets grew larger in both length 
and weight than others, gaining > 20mm and > 1.3 g. Conversely, whole body lipid 




beginning the experiment (P values = 0.002 and 0.005 respectively), all other 
treatments neither lost nor gained lipids. 
Fatty acid profiles of diet items were relatively distinct in unconstrained nMDS 
plots (Fig. 4.2). QFASA and FASTAR on diet items revealed that Daphnia represented a 
higher percentage of mixed compositions than expected, even when not actually 
included in diet mixes (Fig. 4.3). Mean profiles suggested that 18:1n-9 is higher than 
expected in mixed diets, and highest in Daphnia (Table 4.1). DHA (22:6n-3, 
docosahexaenoic acid), EPA (20:5n-3, eicosapentaenoic acid) and ARA (20:4n-6, 
arachidonic acid) were highest in shrimp and diets including shrimp (Table 4.1). As 
Daphnia was overestimated by mixing models, we suspected that models attempting to 
estimate the diets fed to lake trout would error on the side of overestimating Daphnia 
consumption. 
Diet treatments were relatively visible in unconstrained nMDS plots of lake trout 
fatty acid profiles for both 8-week and 12-week datasets. Fatty acid profiles of lake trout 
fed the 100% diets were distinct from one another and within nMDS space generally 
formed the corners of a triangle in both 8-week and 12-week datasets (Fig. 4.4). As 
expected, fatty acid profiles of lake trout fed mixed diets were generally within this 
triangle of samples, often referred to as a resource polygon (Brett 2014). CAP indicated 
that each diet group had a relatively distinct fatty acid profile that each individual profile 
could be identified to. For the 8-week dataset, there were 15 fish misclassified and for 
the 12-week dataset, there were 5 misclassified fish, without any consistent pattern in 
which treatment was misclassified or classified as another. In general, the fatty acid 




those from the shrimp only diet and more similar to those fed the Daphnia only diet (Fig. 
4.4), indicating that shrimp is likely to be underestimated as a diet component.  
Fatty acid profiles of lake trout fed for 12 weeks contained similar patterns as 
those of the diet items. 18:1n-9 was the most abundant fatty acid by percentage across 
all treatments (Table 4.2). ARA, EPA, and DHA proportions were lower in lake trout that 
were fed diets including bloodworm and higher in diets that included shrimp. The 
predicted composition of pseudo-predators’ diets using the profiles from the 100% diet 
treatments as prey resources was relatively accurate (Table 4.3). FASTAR was able to 
predict the diet compositions of pseudo-predators more accurately than the QFASA 
model, especially when diets were more uneven. 
Both FASTAR and QFASA models were able to generally estimate the diets of 
fish fed the mixed prey items at both 8 and 12-week sampling periods (Figs. 4.5 & 4.6). 
However, the level accuracy varied depending on the mixed diet in question. Generally, 
the FASTAR model returned data with lower total error for both 8-week and 12-week 
datasets (RSME 13.9 and 13.7 respectively) compared to QFASA (RSME 15.7 and 19.4 
respectively). In the 8-week dataset, QFASA provided better estimates for the SD diet 
treatment than FASTAR, for all others FASTAR performed better (Fig. 4.5). In the 12-
week dataset, QFASA provided better estimates for the BD diet but FASTAR performed 
better for all other treatments (Fig. 4.6). The estimated diet compositions of lake trout 
from the BSD diet were relatively similar in both datasets. The largest disparity in 
estimated compositions was for the 12-week SD treatment where QFASA estimated the 
bloodworm component at ~15% compared to an estimate of 0% in the FASTAR model. 




than QFASA models; however, Bray-Curtis similarities indicated that which model was 
better depended on the individual fish (Fig. 4.7). When looked at treatment by treatment 
it can be seen that when FASTAR performed better as judged by RSME (i.e. week 12 
SD treatment) results were above the 1:1 line but for the most part samples scattered 
on both sides of the line. 
Discussion 
There is little doubt that fatty acid profiles of consumers reflect dietary origins. 
Mounting evidence from feeding experiments and comparisons between observed 
stomach contents and patterns in fatty acid profiles attest to the qualitative abilities of 
fatty acid profiles in aquatic systems (Caballero et al. 2002, Bell et al. 2004, Budge et al. 
2011, Galloway et al. 2014b, Galloway et al. 2015, Happel et al. 2016a, Happel et al. 
2016b). Fatty acid profiles of our lake trout fed mixed diets remained within the triangle 
outlined by the profiles of lake trout fed the 100% diets (often termed a resource 
polygon; Brett 2014). Comparisons between the fatty acid profiles of individuals of 
unknown diets and a resource polygon or known differences among prey fatty acids has 
offered insights for multiple taxa (Herman et al. 2005, McMeans et al. 2012, Galloway et 
al. 2014a, Mourente et al. 2015, Happel et al. 2017). As such, techniques that rely on 
relative similarity measures provide reasonably accurate qualitative interpretations of 
diet compositions.  
Neither quantitative model performed as well as expected based on previous 
applications, despite using data from a controlled feeding experiment. This is surprising 
as our modeling methods accounted for how lake trout assimilate the fatty acid profile of 




fed the 100% diets and either QFASA or FASTAR were run, optimistic results were 
returned that are similar to those that others report (Galloway et al. 2014a, Happel et al. 
2016a). Even such simulations indicated that there will be issues when diets become 
highly mixed and uneven (herein; Happel et al. 2016a). Such simulations fail to capture 
the full complexity of variables that can affect the relationship between fatty acid profiles 
of consumers and their diets. Similarly, recent stable isotope studies have indicated that 
even well-established trophic fractionation values may not always be as predictable as 
previously assumed (Dodds et al. 2014). As such, further investigations into how well 
trophic indictors can predict known mixed compositions would be highly beneficial to the 
calibration of quantification models.  
For reasons that are complex, mixed diets assimilated into lake trout in patterns that 
are less predictable than expected. We do not expect that longer feeding durations 
would increase the accuracy of models as results from QFASA and FASTAR were 
relatively similar for fish fed either 8 weeks or 12 weeks. Also, previously published 
feeding experiments with juvenile lake trout suggested the majority of fatty acid profile 
alterations occurred in the first 8 weeks (Happel et al. 2016b). In contrast to data 
presented by Happel et al. (2016b) we found lake trout to grow better when offered EPA 
and DHA (i.e., the shrimp diet) rather than high amounts of ALA and LIN (i.e., 
bloodworm diet). At week 8, lake trout fed the BS diet did have higher lipid contents 
than others and estimates from both QFASA and FASTAR accurately indicated low 
Daphnia consumption. The estimates of the BS diet were more erroneous at 12 weeks 
when lipid content was much lower than at week 8, inaccurately predicting a much 




reserves were not large enough to accurately represent diets throughout the treatment 
groups. However, neither size nor lipid content differences in other treatments appear to 
match with which diets were estimated more accurately. For example, those fed the 
BSD diet increased in lipid contents between week 8 and week 12 but model outputs 
did not change drastically between these two periods. Also lengths and masses of the 
lake trout in this experiment were generally within the range found by Happel et al. 
(2016b) suggesting similar growth in both experiments. It is difficult to rule out the 
potential effects of malnutrition on the fatty acid profiles of our lake trout, but we note 
that malnutrition is not isolated to laboratory settings and may affect our abilities to use 
these estimation models on wild specimen. 
Sampling adipose tissue or tissues known to be high in neutral lipids may increase 
accuracy. Small lake trout were used in our experiment due to ease of access and 
husbandry. A downfall of this choice is that, even after 12 weeks of feeding, our fish 
were too small to sample specific tissues. As such, tissues known to not reflect dietary 
lipid compositions (i.e., brain matter) were included. Furthermore, we did not separate 
neutral and polar lipids although the latter has been shown to be less responsive to diet 
compositions (Aursand et al. 1994, Einen et al. 1998, Lazzarotto et al. 2015). Although 
separating these fractions appears less common among those assessing the 
quantitative abilities of fatty acids, using data on neutral lipids alone would likely 
increase accuracy of model outputs. Similarly, directly sampling visceral fat or areas of 
high concentrations of triacylglycerides (i.e., belly flaps of salmonids) is likely also more 




Variation among fish within each diet treatment was relatively high, likely contributing 
to the large amount of estimation errors. Recent research indicates that maternal diets 
are able to program the metabolism of offspring and alter the patterns in which they 
selectively retain and assimilate fatty acids (Fuiman and Perez 2015). This could offer 
an explanation as to the wide variability in fatty acid profiles within each diet as our lake 
trout juveniles came from several different maternal sources. In a similar vein, maternal 
programming may help explain the difference seen between the growth of our 
bloodworm-fed lake trout when compared to those of Happel et al. (2016b). However, 
this would also indicate a potential issue with our ability to use fatty acid models in wild 
individuals as modelling for potential maternal effects would be inconceivably difficult 
without knowledge of genealogy. 
It is difficult to explain why Daphnia was so overestimated in all of the diets and lake 
trout samples. A reasonable explanation is provided by looking at proportions of highly 
abundant fatty acids like 18:1n-9. In the fish fed solely shrimp this fatty acid was ~20% 
and on average any fish fed the mixed diets had 18:1n-9 percentages over 22%, which 
is more similar to those fed the Daphnia diet. Similarly, for 16:0, most lake trout fed 
mixed diets had proportions of this fatty acid that were closer to those fed Daphnia than 
other prey. As two of the most highly abundant fatty acids, having percentages over 
15% consistently, these likely drive how models compare estimated and observed 
profiles more than others. Removal of these fatty acids would likely not be beneficial; 
both were included in the extended dietary sets used by Iverson et al. (2004) and Budge 
et al. (2012) and models performed worse when these fatty acids were removed. 




and re-standardization may increase the reliance on some other fatty acids by 
increasing their percentages. However when we tested this idea with FASTAR we did 
not see an improvement in accuracy (RSME = 14.9 vs. 13.1 with full profile of 12 week 
fish). Similarly, transformation of the fatty acid percentages to place emphasis on fatty 
acids with lower abundances did not increase the accuracy of the results, and in fact, it 
greatly increased the errors when we tested using square root and fourth-root 
transformations (unpublished data). As such, differences in abundant fatty acids appear 
to be key to differentiating among trophic patterns and simultaneously are influenced by 
endogenous modifications. 
Both QFASA and FASTAR models have been shown to perform better when 
supplied with data on how fatty acids reflect each predator-prey relationship (Galloway 
et al. 2015, Happel et al. 2016a). Even when supplied with this data, we illustrate that 
models had difficulty in estimating the compositions of known diet mixtures. The models 
perform reasonably well if the goal is to obtain a general idea of what is present in the 
diets. Unaccounted for species would simply cause overestimation of the prey species 
that is included in the resource polygon with the most similar fatty acid profile to the 
unaccounted for item. The species with the most similar profile to the unaccounted for 
species is highly likely has similar ecological roles and thus, QFASA and FASTAR 
would still be able to provide reasonable data on large (i.e., benthic vs. pelagic) foraging 
differences (i.e., Käkelä et al. 2005). We conclude that quantitative models using fatty 
acid profiles likely perform well at describing large differences in foraging habits, but 
may not provide accurate data on minute variations in diet compositions of fishes unless 




Tables and Figures 
Table 4.1 
Average composition of fatty acids in diets that were fed to Lake Trout. Names of mixed 
diets are shortened to just the first letter of the prey used, i.e., BD is a 50/50 mix of 
bloodworm and daphnia. 
 Bloodworm Daphnia Shrimp BD SD BS BSD 
12:0 0.17 0.24 0.07 0.22 0.14 0.15 0.19 
14:0  2.98 3.86 1.84 3.9 2.69 3.03 3.37 
15:0  1.03 2.43 0.84 2.28 1.51 1.23 1.73 
16:0 21.86 26.86 17.39 27.7 20.68 23.96 24.2 
16:1n-9 0.99 4.16 0.39 3.28 2.17 0.89 2.21 
16:1n-7 12.31 10.58 6.66 11 8.73 9.86 10.3 
17:0 3.02 1.69 1.65 2.53 1.54 2.27 1.99 
17:1n-9 1.43 1.10 1.00 1.12 0.95 1.11 1.11 
18:0 12.8 7.06 8.64 9.78 7.13 10.94 8.70 
18:1n-9  11.49 24.18 11.79 19.47 18.17 12.96 17.2 
18:1n-7 10.41 9.25 7.72 9.79 8.97 9.05 9.38 
18:2n-6 7.85 2.55 3.86 2.57 3.27 4.47 3.64 
18:3n-3 2.98 2.09 2.67 1.2 2.41 2.10 2.12 
18:4n-3 0.50 0.25 0.35 0.27 0.29 0.32 0.29 
20:0 2.57 0.20 0.53 1.01 0.38 1.28 0.73 
20:1n 1.91 1.93 0.90 1.56 1.10 1.14 1.28 
20:2n-6 0.29 0.04 0.67 0.06 0.43 0.46 0.27 
20:3n-6 0.13 0.04 0.23 0.05 0.15 0.20 0.08 
20:4n-6 1.24 0.21 7.52 0.32 4.38 2.94 2.55 
20:3n-3 0.10 0.05 0.39 0.03 0.26 0.24 0.18 
20:4n-3 0.15 0.07 0.31 0.04 0.21 0.24 0.17 
20:5n-3 2.48 0.47 13.75 0.59 8.00 4.72 4.65 
22:0 0.66 0.36 0.31 0.48 0.39 0.56 0.43 
22:4n-6 0.12 0.00 0.42 0.05 0.27 2.78 0.16 
22:5n-6 0.04 0.00 1.27 0.04 0.75 0.46 0.33 
22:5n-3 0.12 0.02 1.44 0.01 0.89 0.58 0.46 







Mean composition of fatty acids in Lake Trout that were fed known diets for 12 weeks. 
Names of mixed diets are shortened to just the first letter of the prey used, i.e., BD is a 
50/50 mix of bloodworm and Daphnia. 
 Bloodworm Daphnia Shrimp BD SD BS BSD 
12:0 0.05 0.04 0.11 0.06 0.09 0.08 0.09 
14:0  0.22 0.08 0.95 0.92 0.11 0.21 0.08 
15:0  0.39 0.91 0.37 0.86 0.61 0.63 0.86 
16:0 16.05 17.88 16.42 15.53 18.83 17.11 17.03 
16:1n-9 2.97 3.03 0.83 4.33 2.47 1.94 2.83 
16:1n-7 7.13 4.10 6.04 7.16 6.77 6.81 7.67 
17:0 0.12 0.04 1.21 0.22 0.29 0.08 0.09 
17:1n-9 0.89 0.82 1.19 0.83 1.08 1.13 1.04 
18:0 8.51 8.64 9.02 7.63 7.70 8.79 7.91 
18:1n-9  30.11 24.03 19.98 28.3 22.33 24.05 25.38 
18:1n-7 8.22 8.05 6.89 9.61 8.72 8.29 9.70 
18:2n-6 2.27 1.39 1.51 1.59 2.01 2.44 2.22 
18:3n-3 0.32 0.32 1.18 0.24 0.69 0.53 0.57 
18:4n-3 0.14 0.21 0.42 0.12 0.42 0.44 0.42 
20:0 0.46 0.16 0.54 0.26 0.27 0.43 0.34 
20:1n 5.18 1.55 1.98 3.19 1.49 3.10 2.46 
20:2n-6 1.33 0.41 0.49 0.87 0.26 0.77 0.49 
20:3n-6 1.07 1.11 0.58 0.91 0.82 1.00 0.88 
20:4n-6 3.50 4.88 5.27 3.54 4.94 4.58 3.93 
20:3n-3 0.03 0.06 0.81 0.03 0.10 0.08 0.07 
20:4n-3 0.07 0.14 0.28 0.07 0.16 0.11 0.11 
20:5n-3 1.73 3.45 5.18 2.23 4.07 3.02 2.90 
22:0 0.17 0.11 0.40 0.13 0.18 0.25 0.28 
22:4n-6 0.37 0.36 0.75 0.36 0.38 0.51 0.36 
22:5n-6 1.12 0.79 1.52 0.82 1.16 1.42 0.99 
22:5n-3 1.06 2.04 2.92 1.43 2.11 1.88 1.78 







Diet estimates of defined mixtures used as pseudo-predators. Mixtures were calculated 
using the mean profiles of Lake Trout fed bloodworms (B), Daphnia (D), or shrimp (S) 
for a period of 12 weeks. Defined diets are listed with the ratio used of each mean 
profile; ratios are out of 1 while data is reported within the table as out of 100 to 
replicate diet composition data. 
 QFASA  FASTAR 
Defined Diet S B D  S B D 
0.5S+0.5B 41.1 48.0 10.9  46.2 46.6 6.9 
0.5B+0.5D 1.7 48.0 50.3  0.5 49.1 50.3 
0.5S+0.5D 41.6 4.5 53.9  46.1 4.1 49.5 
0.3S+0.3B+0.3D 28.8 33.2 38.0  31.0 33.5 35.4 
0.7S+0.1B+0.2D 57.0 12.9 30.1  65.6 11.6 22.6 
0.2S+0.7B+0.1D 17.4 65.8 16.7  18.7 67.0 14.1 






Fig. 4.1  
Changes in total length, weight, and whole body lipid content (% wet weight) over the 
course of the feeding experiment. Shown as treatment means ± 1 standard deviation. 
Names of diet treatments are abbreviated as the first letter of the prey’s common name: 
B = Bloodworm, D = Daphnia, and S = Shrimp. Statistical changes at week 8 and week 






Fig. 4.2  
Fatty acid profiles of diets plotted in nMDS space based on Bray-Curtis similarities. 
Names of diet treatments are abbreviated as the first letter of the prey’s common name: 
B = Bloodworm, D = Daphnia, and S = Shrimp. 
 
Fig. 4.3  
Estimated composition (individual samples and treatment means) of known diet 
mixtures of natural prey using FASTAR and QFASA models. Names of diet treatments 
are abbreviated as the first letter of the prey’s common name: B = bloodworm, D = 
Daphnia, and S = shrimp. Bloodworm (red circles), Daphnia (green triangles), and 
shrimp (blue squares) were estimated as components of each diet. Boxes represent 






Fig. 4.4  
Ordinations of fatty acid profiles of Lake Trout fed known diets for 8 and 12-week 
periods. nMDS based on Bray-Curtis similarities among individual samples. Names of 
diet treatments are abbreviated as the first letter of the prey’s common name: B = 






Fig. 4.5  
Estimated composition of known diet mixtures of lake trout fed for 8 weeks using 
QFASA and FASTAR models. Data displayed as mean (solid black bar) with 90, 95, 
and 99% confidence limits shown as boxes with progressively smaller widths. The 
names of each diet have been shortened to the first let of each item: Bloodworm (first 
box; red), Daphnia (second box; green), and Shrimp (third box; blue). RSME calculated 
by comparing the results depicted with the known composition of the diet, thus lower 





Fig. 4.6  
Estimated composition of known diet mixtures of lake trout fed for 12 weeks using 
QFASA and FASTAR models. Data displayed as mean (solid black bar) with 90, 95, 
and 99% confidence limits shown as boxes with progressively smaller widths. The 
names of each diet have been shortened to the first let of each item: Bloodworm (first 
box; red), Daphnia (second box; green), and Shrimp (third box; blue). RSME calculated 
by comparing the results depicted with the known composition of the diet, thus lower 







Biplots depicted the Bray-Curtis similarities between the estimated and known diet of 
each lake trout at a.) 8 weeks and b.) 12 weeks. Legend for symbol and color 
designations located in lower right of each panel. A 1:1 line was added to aid 
interpretations: dots above the line indicate FASTAR performed whereas QFASA 




Chapter 5: Consumption of forage fish alters fatty acids of Brown Trout eggs. 
Abstract 
In an effort to better understand the effect diet composition has on salmonid 
species, brown trout were fed diets composed of two invasive species for a period of 11 
months. Diets consisted of either alewife or round goby, or 70:30 mixtures of both prey 
species based on wet weight. Fatty acid profiles of belly flaps and eggs were analyzed 
along with thiamine concentrations of the eggs. Increasing consumption of alewife 
induced increases in proportions of oleic acid (18:1n-9) in belly flap and n-3 fatty acids 
in both belly flap and eggs. Conversely, n-7 fatty acids and branched-chain fatty acids 
(i.e. iso17:0) increased in both tissues when round goby comprised larger portions of 
the diet composition. We noted that a diet of only round goby produced higher and more 
variable concentrations of free thiamine in brown trout eggs compared to other 
treatments. Our data indicates that diet composition influences the supply of essential 





Salmonid populations within the Great Lakes experience recurrent recruitment 
failures that have been linked to components of the diet (Fitzsimons et al. 1999). 
Several different names of similar symptoms in various species and locations (e.g. M74, 
Cayuga syndrome, early mortality syndrome) are lumped under the general name 
Thiamine Deficiency Complex (TDC). TDC is created by an imbalance in thiamine 
(Vitamin B1) content whereby forage species provide low thiamine amounts in relation to 
the amount and composition of lipids (Mikkonen et al. 2011, Keinänen et al. 2012). 
While the thiamine content of prey fish is generally high enough to meet nutritional 
requirements of salmonids (Woodward 1994, Tillitt et al. 2005), the concentration of n-3 
highly unsaturated fatty acids contained in lipid-rich prey species increases the demand 
for thiamine as an antioxidant. Female salmonids likely transfer similarly large quantities 
of n-3 fatty acids and deficient amounts of thiamine to their eggs which later manifests 
as high mortality prior to or immediately after yolk-absorption. 
Within the Laurentian Great Lakes, TDC has been a problem for salmonid 
species for many decades. Nonnative alewife (Alosa pseudoharengus) and rainbow 
smelt (Osmerus mordax) comprised a large portion of salmon diets throughout the 
1980s and 90s, years when TDC was a large impediment to natural salmonid 
reproduction (Fitzsimons et al. 1999, Wolgamood et al. 2005, He et al. 2014). An 
increase in naturally produced lake trout numbers coincided with the 2004-2005 
collapse of the alewife fishery in L. Huron (Riley et al. 2007) and the increase in 
consumption of other species (He et al. 2014). Catches of naturally produced lake trout 
have increased in western L. Michigan (Hanson et al. 2013) coinciding with expansion 




incorporation of the species into top predator diets (Jacobs et al. 2010, Roseman et al. 
2014, Happel et al. In Review). The ratio of thiamine to lipid content of round goby is 
much higher than for alewife and rainbow smelt (Madenjian et al. 2000, Honeyfield et al. 
2012) and thus increased consumption of round gobies likely offers refuge from TDC. 
Fatty acids have been used as trophic markers in numerous studies, including 
those related to TDC. In consumers, fatty acid profiles have been shown to be altered 
by diets over a period of two to three months of feeding (Kirsch et al. 1998, Happel et al. 
2016b). Lipids allocated to eggs are mobilized from maternal lipid stores, and thus are 
thought to reflect dietary origins as well as lipid deposits originating from within females 
(Bell et al. 1997, Brooks et al. 1997). Eggs of salmon are particularly lipid rich, 
especially prevalent are neutral lipids which have been shown to reflect dietary origins 
more than other lipid constituents (Aursand et al. 1994, Einen et al. 1998, Lazzarotto et 
al. 2015). Czesny et al. (2012) found that fatty acids related to the pelagic food web (i.e. 
18:3n-3, 20:1n-9, and 22:6n-3) within lake trout (Salvelinus namaycush) eggs were 
positively related to TDC in Lake Michigan. However, others were unable to produce 
any diagnostic patterns between egg thiamine levels, fatty acids, and TDC related 
mortalities (Brown et al. 2005). As is has yet to be shown if diets of natural prey alter 
nutrient provisions to eggs we sought to empirically test if diets across a gradient of 
alewife and round goby consumption could alter fatty acid profiles of salmonids and 
subsequently their eggs. 
Our objectives were to assess how fatty acid profiles of brown trout (Salmo trutta) 
reflect diets composed of mixtures of alewife and round goby. From adults, belly flap 




related lipids are stored (Budge et al. 2011). Eggs were also collected from females to 
assess the effects diets have on fatty acids allocated to offspring. Our hypothesis was 
that if diet compositions affect egg composition then increased consumption of alewife 
would lead to increases in n-3 fatty acids allocated to eggs and decreased thiamine 
concentrations. Quantitative models were used for each tissue to assess how well 
known diet compositions could be quantified by comparing fatty acid profiles alone. 
Methods 
Alewives were obtained during 2014 through gillnetting by Illinois Natural History 
Survey and trawling by USGS. Round gobies were obtained through trawling efforts 
conducted by Michigan DNR near Traverse Bay, and through trawling efforts by USGS 
on Lake Ontario. Prey fish were frozen after capture by either being placed on ice on 
boats and then transferred to freezer space, or being placed directly into freezers on 
boats (USGS captures). Prey fish were kept frozen until diets were made. 
Diets were created using homogenized whole prey fish samples to represent 
what would have actually been consumed by wild fishes. Large batches of 
homogenized fish paste were made by homogenizing either alewife or round goby. 
Pastes were combined according to ratios of wet mass to yield treatment diets that 
consisted of either 70% alewife (70%ALE) or 70% round goby (70%ROG), along with 
diets consisting of just alewife (100%ALE) or just round goby (100%ROG). Diets were 
mixed well by hand, spread into ribbons on a tray and frozen overnight. Ribbons were 
later cut using kitchen knives into 2 cm cubes and stored at -20 0C until feeding. Due to 
a limited supply of prey items, diets were fed at a rate of 1% tank biomass per day. 




late afternoon, both portions were scattered throughout the tank surface to ensure each 
individual had access to the diet. 
80 brown trout were randomly selected from a stock of 3-year old hatchery raised 
fish (mean length 323 mm and weight 740 g) and placed 20 per tank into four tanks. 
Tanks were exposed to natural ambient temperature fluctuations, generally ranging 
between 8 and 15 0C. Feeding began January 15, 2015 and continued through 
November 2015. At the end of November (10.5 months) brown trout were checked each 
week for running eggs, which were collected and stored at -80 C. After collection of 
eggs, brown trout were euthanized with an over dose of MS-222 until cessation of 
opercula movement for > 10 minutes. A 2.0 g section of belly flap tissue was excised 
and stored in individually labelled bags at -80 0C until later analysis. 
Fatty Acid Analysis 
Total lipids were extracted from a 1.0 g sample of homogenated tissue with 
chloroform/methanol (2:1, v/v) containing 0.01% butylated hydroxytoluene as an 
antioxidant (Folch et al. 1957), a method that performs well on wet fish tissues (Iverson 
et al. 2001). Lipid content was determined gravimetrically as a proportion of wet sample 
weight. Fatty acid methyl esters (FAME) were prepared according to Metcalfe and 
Schmitz (1961), separated by gas chromatography/mass spectrometry (Agilent 7890A 
GC and 5975C inert XL EI/CI MSD, Agilent Technologies, Inc., Santa Clara, California, 
USA), and quantified as described by (Happel et al. 2017). Fatty acids were expressed 





 Concentrations of free thiamine (TH), thiamine monophosphate (TMP), and 
thiamine pyrophosphate (TPP) were extracted and quantified from 1 g samples of eggs 
as described by. Each sample of eggs was run in at least duplicate sub-samples. 
Following extraction, thiamine levels were determined using a high performance liquid 
chromatograph (HPLC) system (Agilent Technologies 1200 series). The HPLC included 
a delivery pump, automatic sample injector, Hamilton PRP-HI column (150 x 4.1 mm; 5-
μm mesh size) with attached guard column (25 x 2.3 mm; 12 to 20-mm mesh size), and 
a fluorometric detector (375-nm excitation wavelength and 433-nm emission wavelength 
for thiochrome detection). The column thermostat was set to 30°C. Flow rate was 1.0 ml 
min-1 and the total run time was 25 min. The mobile phase was comprised of 25 mM 
potassium phosphate buffer (pH 8.4) and N,N-dimethylformamide (DMF). From 0-1 
minute, the mobile phase was comprised of 25 mM potassium phosphate buffer (pH 
8.4). From 1-5 minutes, the mobile phase was 0.5% N,N-dimethylformamide (DFM) and 
25 mM potassium phosphate buffer. From 5-9 minutes, the mobile phase was 10% 
DFM and 25 mM potassium phosphate buffer. From 9-11 minutes, the mobile phase 
was 30% DFM and 25 mM potassium phosphate buffer. From 11.0-11.1 minutes, the 
mobile phase was 35% DFM and 25 mM potassium phosphate. Afterwards, the mobile 
phase was returned to the initial conditions, equilibrating the column for the next 
sample. A six-point standard curve with known concentrations of thiamine (0, 1, 2.5, 5, 





Differences among brown trout lengths, masses, and lipid contents of belly flaps 
and eggs were assessed with one way ANOVAs (SAS 9.3, NC, USA). Fatty acid 
profiles were analyzed as relative percentages of the total fatty acid detected. A square 
root transformation was used to place greater emphasis on fatty acids that were not 
highly abundant. Permutational MANOVAs (PERMANOVA) were used to assess 
differences among diet treatments, with lipid content as a covariate for both belly flap 
and egg samples. As a compliment to PERMANOVAs we used canonical analysis of 
principal coordinates (CAP) as a nonparametric discriminant analysis technique 
(Anderson and Willis 2003). CAP produces a classification matrix through a leave-one-
out technique, and generates a plot of discriminating axis to visualize data in a 
constrained space. As such, a plot from CAP is able to depict differences between 
treatments when significant results from PERMANOVA are returned but not illustrated in 
unconstrained nMDS or PCA space. Fatty acid proportions (square root transformed) 
were correlated with the canonical axes and are either reported directly or visualized as 
vectors. 
Further we assessed the ability of belly flaps and eggs to provide estimates of 
diet compositions using the fatty acid source tracing algorithm in R (FASTAR v4.1 using 
mixsir; Galloway et al. 2015). In this case, we used fatty acid profiles from the 100%ALE 
and 100%ROG treatments to represent dietary “end-points”. The fatty acid profiles from 
the 70%ALE and 70%ROG treatments were then given to the model as samples with 
unknown diet compositions. Returned is a distribution of possible mixtures of the two 




fatty acid profiles of the 100% diet groups. The median of these estimates can be taken 
as the best estimate for the diet composition of that sample. We present the medians for 
each sample in dot plots, with the mean and 95% confidence intervals overlaid on the 
plot to illustrate treatment mean estimates. 
Thiamine concentrations were analyzed using one way ANOVAs with Tukey-
Kramer adjustments when treatment groups were significantly different (SAS 9.3, NC, 
USA). Sub-samples were averaged to yield a single value per egg sample from each 
diet prior to analysis. 
Results 
Diets 
Fatty acid profiles of samples of each diet were relatively distinct, and depicted 
differences between diet compositions (Fig. 5.1). Proportions of fatty acids 14:0, 16:0, 
and 18:1n-9 contributed most to the differences between items, all being higher in the 
100%ALE treatment than the 100%ROG (Table 5.1). Proportions of branched chain 
fatty acids (Iso17:0 and anteiso17:0), 16:1n-7, and 20:5n-3 (eicosapentaenoic acid; 
EPA) increased with increasing proportions of round goby in the diet.  
Adults 
After being fed natural prey items for over 10 months (January through 
November), a total of 62 brown trout were mature and sampled for our analyses. 
Lengths, masses, and lipid contents did not significantly differ by treatment group (all Ps 
> 0.1). Mean lengths and masses at the end of the experiment (mean ± SD; 340 ± 24 
mm, 746 ± 127 g) were similar to those prior to starting the experiment and belly flap 




separately to check for potential differences affecting parameters related to eggs, 
however no differences in length, mass or belly flap lipid contents among treatments 
were found (all Ps > 0.1). We present data on all adults in Figs. 5.2, 5.3, & 5.4. 
Fatty acid profiles (square root transformed) of all brown trout belly flaps were 
significantly different between dietary treatments (PERMANOVA; Type 1 sum of square 
(SS) = 9.97, F3,61 = 2.58, P = 0.029), after accounting for variation in lipid contents 
among individuals (SS = 53.52, F1,61 = 41.47, P = 0.001). nMDS plots illustrated that 
lipid content of belly flaps played a relatively large role in describing the variation in fatty 
acid profiles, confirming the relative sum of squares of PERMANOVA for lipid content 
(Figs. 5.2 & 5.3). Discriminant analysis indicated that only four samples were 
misclassified: two 100%ALE to the 70%ALE group; one 100%ROG to 70%ROG group; 
and one 70%ALE to the 100%ALE group. As such, plotting discriminating axes allowed 
for a visual representation of how fatty acid profiles from the treatment groups related to 
each other when nMDS plots did not. Correlating the fatty acid variables to the first 
discriminant axis indicated that the more alewife consumed, the more the proportions of 
n-9 and n-3 fatty acids increased, conversely branched and n-7 fatty acids increased 
with more round goby consumption. These results mirrored results from the analysis of 
fatty acid profiles of the actual diets. 
Diet estimates from FASTAR generally overestimated the amount of alewife 
consumed and underestimated the amount of round goby (Fig. 5.4). 95% confidence 
intervals constructed using the estimated median percent consumption for each 
individual for each treatment did not encompass the known amount of alewife or round 





The lipid content of eggs was not significantly different among treatments 
(PERMANOVA; SS = 0.13 F1,26 = 0.86, P = 0.54; Table 5.3) and was subsequently not 
included as covariate in testing for differences in egg fatty acid profiles. Fatty acid 
profiles (square root transformed) of eggs were significantly different among diet 
treatments (PERMANOVA; SS = 5.0 F3,27 = 11.05, P = 0.001; Table 5.4). Discriminant 
analysis indicated that one fatty acid profile from each of the mixed diets was 
misclassified as from the other mixed diet treatment. As nMDS was able to depict 
dietary differences, we did not include a figure from the discriminant analysis (Fig. 5.5). 
Vector analysis generally agreed with SIMPER analysis, in that branched-chain fatty 
acids and 16:1n-7 proportions increased in concentrations as round goby increased in 
the diet. Conversely, proportions of n-3 fatty acids and 18:1n-9 increased with greater 
consumption of alewife. These results mirrored the results from analysis of both the 
belly flaps and the diets. 
Diet estimates using fatty acid profiles of eggs were more accurate than those 
from belly flap samples (Figs. 5.4 & 5.6). Alewife consumption was over estimated, but 
to a lesser a degree than when fatty acid profiles of belly flaps were used. There also 
was a lesser degree of variation in the estimates as evidenced by smaller 95% 
confidence intervals for each treatment. 
Generally, the total concentrations of thiamine and free thiamine were higher in 
the eggs of brown trout fed 100%ROG than those fed any proportion of alewife (Total: 
F3,30 = 2.95, P = 0.05; TH: F3,30 = 3.31, P = 0.04; Table 5.3). With a Tukey-Kramer 




diet, without adjustment for multiple pairwise comparisons the concentration of TH (and 
thus total thiamine) of 100%ROG was significantly different from all other diets. No 
significant differences between treatments were found for TMP or TPP in brown trout 
eggs. 
Discussion 
Despite the low ration, fatty acid compositions of eggs were notably different 
between diets. Not only were differences visible in unconstrained multivariate 
ordinations, but FASTAR returned relatively accurate predictions of what the diet was 
composed of. Conversely, eggs of lake trout fed mixtures of alewife and bloater 
(Coregonus hoyi) did not reflect their experimental diets (Honeyfield et al. 2009). Alewife 
and bloater fatty acid profiles were highly similar compared to the alewife and round 
goby used in this study. As such, it’s possible that alewife and bloater were too similar 
of forage items to experimentally elucidate differences in egg fatty acid profiles. This 
would indicate that the differences between alewife and round goby in adult salmonid 
diets is large enough to alter the nutrients allocated to embryos in wild fishes if diets are 
maintained for long periods of time. A recent study of lake trout fatty acid profiles in 
Lake Michigan illustrated that spatial differences in fatty acids were related to 
differences in stomach contents, suggesting lake trout diet are regionally stable (Happel 
et al. In Review). Our findings lend credence to the various reports of maternal diets 
being the causative agents in recruitment failures of wild salmonid populations 
(Fitzsimons et al. 1999, Keinänen et al. 2012). Spatial and temporal differences in fatty 
acid profiles of eggs have been reported for other species (Fuiman and Ojanguren 
2011, Czesny et al. 2012, Dabrowski et al. 2015, Fuiman and Perez 2015). Eggs 




pertains to what has been consumed by the mother during the previous year, and is not 
altered by differences in fat content like other tissues might. 
In general, proportions of branched-chain and n-7 fatty acids increased in both 
eggs and belly flaps of brown trout when proportions of round goby increased in diets. 
Conversely increasing alewife consumption induced increases in proportions of 18:1n-9, 
20:3n-3, 20:4n-3, and 22:4n-3. These fatty acids are similar to results presented by 
Czesny et al. (2012) where n-7 and odd-chain (i.e., 17:0) fatty acids were negative 
whereas n-3 and n-9 fatty acids were positive predictors of TDC related mortality in lake 
trout offspring. Several studies investigating the negative effects of high n-3 content 
diets on egg quality have found than many non-DHA n-3 fatty acids respond to dietary 
percentages well (Fernández-Palacios et al. 1995, Furuita et al. 2002). Fatty acids of 
the n-3 family are typically found in higher proportions in phytoplankton and pelagic 
associated species (Desvilettes et al. 1997b, Napolitano 1999, Czesny et al. 2011). 
Thus, n-3 proportions are likely higher in alewives as they feed primarily on copepods 
and Mysis relicta (Creque and Czesny 2012, Bunnell et al. 2015). High proportions of 
oleic acid (18:1n-9) in alewives may also originate from the consumption of Mysis in 
Lake Michigan, as Mysis have relatively high concentrations of this fatty acid (Czesny et 
al. 2011, Hinderer et al. 2012, Bunnell et al. 2015). Branched-chain fatty acids and 
those of the n-7 family have been associated with bacterial origins and likely represent 
benthic oriented aquatic species like round goby (Czesny et al. 2011, Kelly and 
Scheibling 2012). As such, data from our experiment adds to the evidence supporting 




Thiamine deficiency complex in wild salmon populations is a nutrient deficiency 
associated with high mortality of offspring. Current theories suggest that alewives 
transfer large concentrations of n-3 fatty acids to consumers in relation to the amount of 
antioxidants (Mikkonen et al. 2011, Keinänen et al. 2012). This is supported by prey 
species having relatively similar concentrations of thiamine, but drastically different lipid 
contents and compositions (Honeyfield et al. 2012). Increased incidence of oxidative 
stress occurs when diets contain high levels of n-3 fatty acids particularly DHA (Kjær et 
al. 2008, Østbye et al. 2011). Our results support the idea that when alewife are not 
present in diets, the burden of n-3 fatty acids is lessened. It is also likely that the high 
proportions of oleic acid (18:1n-9) transferred to mature brown trout when alewives are 
consumed exacerbate oxidative stress compared to saturated fatty acids offered by 
round gobies. When Atlantic salmon (Salmo salar) were fed diets high in oleic acid, 
products of lipid peroxidation were as high as those fed high amounts of n-3 fatty acids 
(Østbye et al. 2011). Large reserves of oleic acid compared to saturated fatty acids 
cause tissues to be more susceptible to free radical oxidation (Lukienko et al. 2000). 
Although thiamine concentrations in our experiments were generally above the 3.9 nmol 
g-1 thought of as a threshold for mortality in salmonids, specific thresholds for brown 
trout are currently unknown and could be much higher than other salmon (Steffens 
1989, Fisher et al. 1996, Honeyfield et al. 2005, Fitzsimons et al. 2007). In fact, walleye 
(Sander vitreus) embryos were shown to have symptoms similar to thiamine deficiency 
experienced by salmonids at concentrations up to 6.0 nmol g-1 (Rinchard et al. 2011). 
Sub-lethal effects of TDC are currently under investigation, and recent studies have 




exceeded by our experimental diet that did not included any alewife, and sub-lethal 
effects at levels up to 17.0 nmol g-1 (Balk et al. 2016). As round gobies do not contain 
large concentrations of n-3 fatty acids nor oleic acid the prevalence and effects of TDC 
will likely decrease as round goby populations continue to expand (Madenjian et al. 
2016) become incorporated into high trophic levels (Happel et al. In Review). 
Diet compositions did not appear to affect ratios of long-chain essential fatty 
acids in brown trout eggs. Particularly we saw no consistent differences in ratios 
between ARA, EPA, and DHA, although they have been shown in lake trout eggs to 
correlate to thiamine content and larval survival (Czesny et al. 2009). Others have found 
that alterations to the supply of DHA to eggs imparts fitness consequences on offspring 
(Fuiman and Ojanguren 2011, Fuiman and Perez 2015). The lack of response of these 
highly unsaturated fatty acids suggests that their proportions are highly controlled in 
brown trout.  
The correlation seen between the fatty acid profiles of brown trout belly flaps and 
the lipid content of the sample prevents us from being able to use their fatty acid profiles 
in quantitative models. Clearly erroneous estimates are returned. This is exaggerated 
as our brown trout have extremely low lipid contents in their belly flaps than when 
compared to wild ones (generally over 10%, Happel et al. In Press). Evidently, a much 
higher ration was required for the lipid content of brown trout to be similar to wild 
specimen. Similarly, when feed a ration of alewife equal to 1% of tank biomass per day 
for two months, juvenile Coho salmon (Oncorhynchus kitsuch) maintained starting 
weights and lipid contents whereas those fed at least 2% gained mass (Edsall et al. 




membranes and thus are less responsive to dietary shifts than lipid rich adipocytes 
(Tocher and Glencross 2015). As such, fatty acid profiles from belly flaps presented 
herein reflect changes in the lipid content of the tissue much more than known dietary 
treatments.  
In conclusion, we note that consumption of alewife elicits an increased 
accumulation of peroxidation sensitive fatty acids in consumer’s tissues, which is then 
transferred into developing eggs. Thiamine deficiency complex is thought to be caused 
by an imbalance whereby the amount of peroxidation sensitive fatty acids (e.g., 18:1n-9 
and the n-3 family) accumulated in maternal tissues overwhelms the stores of the 
antioxidant thiamine. As alewives accumulate larger lipids reserves, those reserves 
have higher concentrations of both 18:1n-9 and n-3 fatty acids than round goby (Czesny 
et al. 2011). As such, the prevalence of TDC in Great Lakes salmonid populations is 
likely highest when lipid content of alewife is also high. In fact, in years corresponding to 
decreases in alewife energy density (Pothoven and Fahnenstiel 2014) wild produced 
lake trout have been caught in Lake Michigan (Hanson et al. 2013). Furthermore, 
salmonid populations exist where alewife is the primary prey species consumed but 
pose little impediment to natural reproduction (i.e., Keuka Lake NY, J. Richard personal 
communication). Thus simply consuming alewife is not the causal agent of TDC, a 
combination of factors (e.g., n-3 lipid rich diet and low corresponding thiamine 






Tables and Figures 
Table 5.1 
Mean fatty acid profiles of the diets fed to brown trout.  
Fatty Acid 100%ALE 70%ALE 70%ROG 100%ROG 
12:0 0.1 0.1 0.1 0.1 
14:0 6.7 4.6 3.9 2.5 
Iso15:0 0.5 0.4 0.4 0.3 
15:0 0.6 0.5 0.6 0.5 
16:0 23.4 20.6 20.3 17.2 
16:1n-9 0.6 0.6 0.6 0.5 
16:1n-7 6.5 7.3 10.6 12.4 
9-hexadecanoate 0.3 0.3 0.3 0.4 
Iso17:0 0.7 0.9 1.5 1.8 
Anteiso17:0 0.8 1.0 1.6 1.9 
6-hexadecanoate  0.3 0.5 0.8 1 
17:0 0.7 0.6 0.5 0.4 
17:1 0.4 0.5 0.6 0.6 
18:0 3.8 4.0 4.1 3.5 
18:1n-9 22.1 18.8 18.2 14.7 
18:1n-7 6.0 5.4 6.3 5.9 
18:2n-6 3.2 4.1 3.7 3.7 
18:3n-3 1.2 3.1 3.1 3.9 
18:4n-3 1.2 1.5 1.6 2.2 
20:0 0.2 0.2 0.1 0.1 
20:1n-9/11 3.2 2.1 2.9 2.7 
20:2n-9 0.2 0.2 0.1 0.1 
20:2n-6 1.0 0.9 0.7 0.4 
20:3n-6 0.2 0.2 0.2 0.1 
20:4n-6 1.8 3.3 2.8 3.9 
20:3n-3 0.9 0.7 0.5 0.3 
20:4n-3 1.2 1.3 0.7 0.4 
20:5n-3 3.9 5.5 4.6 6.4 
22:0 0.2 0.1 0.1 0 
22:1n-11 0.3 0.2 0.2 0.2 
22:1n-9 0.1 0 0 0 
22:5n-6 0.8 1.3 1.3 2.2 
22:4n-3 0.7 0.6 0.3 0.1 
22:5n-3 1.0 1.9 1.8 2.9 
22:6n-3 3.9 5.9 4.5 6.4 






Table 5.2  
Mean lengths and masses of all brown trout sampled for fatty acid analysis of belly flaps 
and the mean lipid content of those samples. Expressed as means ± 1 SD. 
 100%ALE 70%ALE 70%ROG 100%ROG 
n 15 14 17 16 
Length (mm) 329.7 ± 25.3 343.2 ± 26.2 341.3 ± 24.7 343.6 ± 21.7 
Mass (g) 755.9 ± 92.0 760.8 ± 129.2 728.4 ± 115.8 741.7 ± 168.2 




Table 5.3  
Mean values for lipid, mass, and thiamine vitamers samples from brown trout eggs. 
Letters denote significantly different groups at α = 0.05 with a Tukey-Kramer 
adjustment. Expressed as means ± 1 SD. 
 100%ALE 70%ALE 70%ROG 100%ROG  
n Females 8 7 9 7  
Eggs Lipid (%) 9.0 ± 1.0 8.4 ± 0.7 7.8 ± 1.3 8.8 ± 0.8  
Total Egg Mass (g) 152 ± 29.6 133.4 ± 36.1 122.9 ± 25.5 119.6 ± 34.8  
TPP (nmol g-1) 3.4 ± 0.8 3.3 ± 0.5 3.0 ± 0.7 3.8 ± 0.8  
TMP 1.2 ± 0.3 1.2 ± 0.4 1.1 ± 0.5 1.5 ± 0.4  
TH 1.8 ± 0.8ab 1.5 ± 1.1ab 1.4 ± 1.1b 3.1 ± 1.6a  






Table 5.4  
Mean fatty acid profiles of brown trout eggs. 
Fatty Acid 100%ALE 70%ALE 70%ROG 100%ROG 
n 8 7 9 7 
12:0 0.02 0.01 0.02 0.02 
14:0 1.57 1.38 1.29 1.22 
Iso15:0 0.10 0.10 0.10 0.10 
15:0 0.18 0.18 0.20 0.21 
16:0 12.39 12.04 12.78 12.02 
16:1n-9 0.37 0.33 0.31 0.30 
16:1n-7 2.70 2.86 3.20 3.85 
9-hexadecanoate 0.06 0.06 0.08 0.08 
Iso17:0 0.12 0.16 0.28 0.42 
Anteiso17:0 0.14 0.16 0.27 0.38 
6-hexadecanoate  0.12 0.14 0.17 0.22 
17:0 0.39 0.36 0.34 0.31 
17:1 0.16 0.15 0.18 0.19 
18:0 4.07 4.06 4.15 4.41 
18:1n-9 19.99 19.98 17.64 18.24 
18:1n-7 2.82 2.87 3.11 3.45 
18:2n-6 12.10 13.03 11.58 12.60 
18:3n-3 1.41 1.37 1.66 1.71 
18:4n-3 0.32 0.3 0.39 0.41 
20:0 0.16 0.14 0.14 0.14 
20:1n-9/11 3.82 3.99 3.65 4.23 
20:2n-9 0.34 0.31 0.27 0.26 
20:2n-6 1.39 1.35 1.22 1.29 
20:3n-6 1.67 1.77 1.58 1.70 
20:4n-6 3.85 3.82 4.16 3.95 
20:3n-3 0.49 0.41 0.27 0.25 
20:4n-3 1.02 0.84 0.84 0.69 
20:5n-3 3.23 3.26 3.56 3.31 
22:0 0.08 0.07 0.05 0.07 
22:1n-11 1.10 1.20 1.02 1.24 
22:1n-9 0.33 0.33 0.28 0.27 
22:5n-6 1.82 1.68 2.16 2.09 
22:4n-3 0.26 0.15 0.10 0.02 
22:5n-3 2.73 2.73 3.20 3.28 
22:6n-3 18.17 18.07 19.34 16.78 











Fatty acid profiles of brown trout belly flaps were highly influenced by lipid content (% 
wet sample mass). Unconstrained ordination methods (nMDS) did not illustrate any 







Discriminant analysis using the canonical analysis principal coordinates routine in 
PRIMER +E illustrated the differences between fatty acid profiles from brown trout fed 
different diets. Fatty acid variables were correlated to the first discriminating axis to 




Estimated diet compositions from FASTAR modeling using fatty acid profiles from 
brown trout belly flaps. The mean estimate is depicted by a solid bar, and 95% 







Fatty acid profiles of brown trout eggs separate by maternal diets in unconstrained 
ordinations (nMDS). Fatty acid variables were correlated to the nMDS plot and are 







Estimated maternal diets from the FASTAR model using the fatty acid profiles of brown 
trout eggs. The mean estimate is depicted by a solid bar, and 95% confidence intervals 






Through Chapter 1, I was able to demonstrate that fatty acid profiles of 
freshwater fish species do alter in patterns that reflect the natural prey items they have 
consumed. Chapter 2 notes that the patterns of how fatty acids of consumers reflect 
their diets depend on what the diet is composed of. Without modelling for each 
predator-prey interaction, quantification of dietary compositions using fatty acid profiles 
alone is highly erroneous. Data presented in Chapter 3 indicate that a model calibrated 
for one system, should be functional in another similar system. Thus, trophic indicators 
in one freshwater lake should be indicative of trophic relations in other freshwater lakes. 
Chapter 4 presents a feeding experiment that allowed for modelling of multiple known 
diet mixtures. Data from Chapter 4 indicate that even though a predator’s fatty acid 
profile is altered in response to the diet, quantitatively estimating diet compositions is 
not as straightforward as previous research would suggest. The complex biochemical 
reactions modulating how each fatty acid is either modified or deposited remain a 
hindrance to how established quantification models (e.g., QFASA and FASTAR) 
function. As Chapter 4 indicated that estimating diet compositions through sampling of 
maternal tissues was unlikely to provide reliable results, Chapter 5 tested how wild-type 
diets affect nutrient allocations to eggs. Data in Chapter 5 suggest that maternal effects 
of diets compositions are possible through alteration of essential nutrients provisioned 
to embryos. 
 Data within this dissertation provides further evidence for the use of fatty acid 
profiles as a qualitative tool in deciphering differences in feeding ecologies among 
sympatric populations by empirically showing that freshwater consumers’ fatty acid 




caveats related to quantitatively modelling diet compositions through fatty acid profiles 
is encouraged prior to using such tools to inform management decisions. Instead, 
studies, which collect samples of fatty acid profiles from maternal sources and relate 
these profiles to progeny success would offer a defensible means of relating progeny 
success to qualitative indicators of diets. For example, data from Chapters 3 and 5 
indicates that a ratio that relates the total n-7 and odd-chain fatty acids to the total n-9 
and n-3 fatty acids could yield reasonable inferences on how much round goby vs 
alewife were consumed to which progeny mortality estimates could be compared. As 
such, feeding experiments such as those conducted within provide valuable information 
on the consistency to which fatty acids alter to reflect the items consumed. If data from 
feeding experiments for particular systems are unobtainable, researchers are wise to 
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